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ABSTRACT 


An  experimental  investigation  of  turbulent  flow  over  a  cavity  in  an 
aei  odynamic  surface  has  been  conducted.  The  test  was  carried  out  at 
nominal  Mach  numbers  of  4  and  8,  with  Reynolds  numbers  based  on 
free-stream  conditions  and  length  of  body  ahead  of  the  cavity  of  8.0  x  106 
and  11.0  x  10  ,  respectively.  Two  conditions  of  wall-to-free-stream 
stagnation  temperature  ratio,  0.4  and  0.8,  were  investigated  at  Mm  =  8.09, 
whereas  at  Mm  =  3.99,  the  temperature  ratio  was  0.75.  For  all  tests, 
the  ratio  of  initial  boundary-layer  thickness  to  cavity  depth  was  approxi¬ 
mately  0.  2.  Measurements  were  made  of  surface  pressure  and  tem¬ 
perature,  and  flow  field  surveys  of  pitot  and  static  pressures  and  total 
temperature  were  performed.  The  test  results  showed  that  the 
recirculating  fluid  temperature  was  not  less  than  0.  7  times  the  free- 
stream  stagnation  temperature  despite  decrease  of  the  wall  temperature 
to  0.4  the  free-stream  value.  A  satisfactory  correlation  was  obtained 
between  the  experimental  velocities  and  the  error  function  profile  of 
Goertler,  and  the  distribution  of  total  temperature  across  the  mixing 
layer  was  adequately  described  by  Crocco's  linear  relation  of  total  tem¬ 
perature  and  velocity.  A  value  of  the  mixing  zone  similarity  parameter 
near  12  was  found  regardless  of  Mach  number  or  wall-to-free-stream 
stagnation  temperature  ratio. 
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NOMENCLATURE 


a  Constant  in  velocity- temperature  relation  (Appendix  I) 

b  Constant  in  velocity- temperature  relation  (Appendix  I);  also, 

width  of  mixing  layer  (Appendix  III  and  Fig.  11) 

C  Constant  in  universal  velocity  profile  integral  (Appendix  II) 

c  Constant  expressing  linear  growth  of  mixing  layer  width  b 

(Appendix  III)  with  distance  from  start  of  mixing 

F  Modified  stream  function  in  error  function  profile  differential 

equation  (Appendix  III) 

K  Constant  in  relation  between  mixing  length  A  and  y  distance 

from  wall  (Appendix  II);  also  Klt  constant  in  turbulent  shear 
stress  equation  (Appendix  III) 

A  Distance  parallel  to  axis  of  model,  in.  ;  A  =  0  at  upstream 

edge  of  cavity,  A  positive  downstream;  also,  mixing  length 
in  Prandtl's  hypothesis  (Appendix  II) 

M  Mach  number 

0  Origin  of  mixing  layer  profiles  (Appendix  III  and  Fig.  11) 

p  Pressure,  psia 

R  Radial  distance  from  centerline  of  model,  in. 

Re  Unit  Reynolds  number,  1/ft 

T  Temperature,  °R 


U 

ur 


v 


Streamwise  velocity  component,  ft /sec 


Friction  velocity 


Velocity  component,  normal  to  streamwise  velocity,  ft /sec 


x  Distance  from  origin  of  mixing  layer  in  flow  direction,  in.  ; 

x  =  o  at  origin  of  mixing  layer  (Appendix  III  and  Fig.  11) 

y  Distance  normal  to  mixing  layer,  in.  ;  y  -  0  at  =  0.  5 

point  in  mixing  layer  velocity  profile  (Appendix  III  and  Fig.  11); 
also,  distance  normal  to  body  surface  (Appendix  II) 

e  Turbulent  eddy  kinematic  viscosity,  ft^/sec 

q  Angle  between  rays  of  constant  in  mixing  zone, 

radians  (Fig.  11) 
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P  Laminar  molecular  viscosity,  lb^-sec  /ft2 

v  Laminar  molecular  kinematic  viscosity,  ft^/sec 

p  Density  of  fluid,  lbf-sec2/ft4 

°  Mixing  zone  similarity  parameter,  dimensionless 

SUBSCRIPTS 

°  Stagnation  condition,  with  x,  referring  to  distance  from 

upstream  edge  of  cavity  to  origin  of  mixing  layer  profiles 

w  Wall  condition,  thermal  properties  evaluated  at  wall 

temperature 

S  Conditions  at  high  velocity  edge  of  boundary  or  mixing  layer 

»  Free -stream  condition  in  wind  tunnel 

SUPERSCRIPT 

'  Pitot  pressure 
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SECTION  I 
INTRODUCTION 

A  separated  flow  may  be  produced  by  either  imposing  a  pressure 
rise  on  an  established  boundary  layer,  as  by  deflecting  a  control 
surface,  or  by  terminating  the  surface  on  which  the  boundary  layer 
has  developed,  as  occurs  at  the  base  of  bodies  and  at  the  upstream  edge 
of  surface  cavities.  Such  flows  are  of  considerable  interest  to  flight 
vehicle  designers  because  of  their  association  with  problems  of  control 
effectiveness,  base  drag,  and  base  heating  of  missiles.  The  separated 
flowr  over  a  cavity  is  of  interest  in  those  cases  where  recesses  are  to  be 
found  in  the  aerodynamic  surface  of  flight  vehicles. 

In  response  to  the  need  for  understanding  of  separated  flows,  several 
authors  have  presented  work  covering  various  aspects  of  the  problem. 
Crocco  and  Lees  (Ref.  1)  published  a  very  general  integral  approach  to 
the  calculation  of  laminar  or  turbulent  separated  flow  fields  which  has 
been  applied  by  Glick  (Ref.  2)  to  the  case  of  laminar  boundary-layer  shock 
wave  interaction.  Chapman  (Ref.  3}  solved  the  boundary-layer  equations 
for  laminar  flow  over  a  cavity,  and  Larson  (Ref.  4)  performed  wind 
tunnel  tests  in  the  supersonic  speed  range  using  Chapman's  mathematical 
model  as  a  guide  to  the  design  of  the  experiment.  The  work  of  Korst  and 
Chow  (Ref.  5)  is  particularly  interesting  in  that  it  derives  one  fixed  pro¬ 
file  form  each  for  velocity  and  total  temperature  of  a  fully  developed 
turbulent  separated  flow  and  relates  these  profiles  to  the  flow  geometry  of 
the  actual  problem  through  a  set  of  integral  relations.  Larson  and  co- 
workers  (Ref.  6)  published  the  results  of  detailed  studies  of  a  turbulent 
base  separation  at  a  supersonic  Mach  number.  None  of  the  above  theoreti¬ 
cal  approaches  (Refs.  1,  3,  and  5)  in  its  most  general  form,  is  sufficient 
in  itself  to  calculate  the  turbulent  separated  flow  over  a  cavity  or  at  the 
base  of  a  vehicle.  Additional  empirical  information  must  be  provided  which 
can  be  verified  only  by  experiments  such  as  those  of  Refs.  4  and  6.  For 
example,  in  the  theoretical  work  of  Chapman,  in  the  absence  of  experi¬ 
mental  data  on  cavity  flow  total  temperature  distributions,  the  assumption 
was  made  that  the  temperature  of  the  recirculating  fluid  under  the 
separated  boundary  layer  was  equal  to  the  body  wall  temperature.  The 
experimental  work  of  Larson  (Ref.  4)  supplied  data  which  indicated  the 
recirculating  fluid  temperature  remained  closer  to  the  free -stream  total 
temperature  than  to  the  wall  temperature,  and  Chapman's  assumption  could 
be  amended.  Korst  and  Chow  (Ref.  5)  derive  the  velocity  profile  of  the 
separated  boundary  layer  to  be  the  error  function  profile  of  Goertler  and 
assume  that  the  temperature-velocity  relation  of  Crocco  is  valid.  A 
similarity  parameter,  a,  appears  in  the  Korst  and  Chow  theory,  and  the 
total  temperature  ratio  across  the  mixing  layer  must  be  determined  and 
verified  by  experiment. 
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The  purpose  of  the  present  tests  was  to  support  such  theoretical 
analysis  with  detailed  experimental  turbulent  cavity  flow  field  data  at 
a  hypersonic  Mach  number.  The  experiment  was  designed  to  produce 
data  with  the  simplest  initial  and  boundary  conditions  possible,  to 
correspond  with  the  assumptions  usually  made  in  mathematical  analysis. 
An  internally  air-cooled,  20-cal,  tangent  ogive  cylinder  model  wras 
made,  with  the  cavity,  formed  by  a  reduction  in  cylinder  diameter,  lo¬ 
cated  well  aft  in  a  region  of  uniform  parallel  flow.  The  model  static 
pressure  and  wall  temperature  were  held  constant  for  some  distance 
upstream  on  the  forebody.  The  large  size  of  the  40- in.  supersonic 
tunnel  (Gas  Dynamic  Wind  Tunnel,  Supersonic  (A))  and  the  50-in.  Mach  8 
tunnel  (Gas  Dynamic  Wind  Tunnel,  Hypersonic  (B))  of  the  von  Karman 
Gas  Dynamics  Facility  (VKF)  admitted  a  model  long  enough  to  produce 
a  naturally  turbulent  boundary  layer  at  the  upstream  edge  of  the  cavity, 
and  the  continuous  flow  in  these  wind  tunnels  allowed  detailed  flow  surveys 
to  be  made  for  various  steady  experimental  conditions. 

The  tests  were  performed  at  Mach  numbers  of  3.  99  and  8.  09,  at 
free-stream  unit  Reynolds  numbers  of  2.  4  and  3.  3  million/ft,  respec¬ 
tively.  At  Mach  8.  09,  data  were  obtained  for  two  values,  0.  4  and  0.  8, 
of  wall-to-free-stream  stagnation  temperature. 


SECTION  fl 
APPARATUS 


2.1  MODEL 

The  model  (Fig.  1)  was  a  20- cal  tangent  ogive  cylinder  of  58.  5-in. 
overall  length  and  5.  5-in.  diameter.  The  cavity  section  began  40.  5  in. 
aft  on  the  model  and  continued  for  6  in.  at  a  reduced  diameter  of  2.  0  in.  , 
providing  a  cavity  of  1.  75-in.  radial  depth.  Air  cooling  was  accom¬ 
plished  by  double -wall  construction  of  the  model,  allowing  for  a  coolant 
passage  between  the  inner  liner  and  the  model  wall  itself.  The  material 
was  stainless  steel. 

The  model  forebody  and  cavity  were  instrumented  both  for  static 
pressure  measurement,  using  standard  pressure  orifices,  and  for  steady- 
state  surface  temperature  measurement. 

For  flow  visualization  studies,  the  model  was  fitted  with  a  flow 
splitter  plate,  and  motion-picture  sequences  of  oil  flow  in  the  cavity 
were  taken.  The  plate  was  not  present  except  for  this  part  of  the  test. 


2 


AEDC-TR. 66*73 


2.2  WIND  TUNNELS 

Tunnels  A  and  B  (Fig.  2)  were  used  for  this  experiment.  Tunnel  A 
is  a  variable  Mach  number,  flexible  nozzle,  supersonic  tunnel  with  a 
40-in.  square  test  section.  Tunnel  B  is  a  contoured  axisymmetric  tunnel 
with  a  Mach  number,  at  800-psia  stagnation  pressure,  of  8.  09,  and  a  test 
section  50  in.  in  diameter.  Both  wind  tunnels  are  capable  of  continuous 
operation  using  supply  air  from  the  VKF  compressor  plant  (Ref.  7). 


2.3  FLOW  SURVEY  PROBES 

The  forebody  boundary  layer  at  Mm  =3.99  was  measured  with  a 
10 -tube  pitot  rake,  each  tube  of  which  was  0.  032  in.  in  diameter.  The 
flow  field  surveys  at  this  Mach  number  were  made  with  a  0.  062-in.  -diam 
pitot  probe  and  a  total  temperature  probe  consisting  of  a  thermocouple 
inside  a  single,  vented,  0.093-in.  -diam  tube.  At  Mw  =  8.09,  the  pitot 
and  flow  field  static  pressures  were  measured  simultaneously  with  a  two- 
tube  probe  (Fig.  3a),  each  tube  of  which  was  0.032  in.  in  diameter.  The 
total  temperature  was  measured  with  a  double- shielded,  vented,  0,  125-in.  - 
diam  thermocouple  probe  (Fig.  3b),  which  was  paired  with  a  large  diameter 
pitot  probe  for  monitoring  purposes. 

2.4  FLOW  VISUALIZATION  EQUIPMENT 

The  shadowgraph  equipment  used  was  a  standard,  divergent- ray, 
spark  shadowgraph  system.  For  the  oil  flow  work,  a  low  viscosity  silicone 
oil,  with  red  dye  added,  was  injected  onto  the  model  surface  and  the 
tapered  flow  splitter  plate  through  the  model  static  pressure  orifices. 


SECTION  III 
PROCEDURE 


3.1  TEST  CONDITIONS 


The  wind  tunnel  stagnation  pressure  and  temperature  were  measured 
at  each  test  condition  and  were  used,  with  wind  tunnel  calibration  data, 
to  determine  free-stream  Mach  and  Reynolds  numbers  and  to  calculate 
the  free-stream  static  pressure  and  temperature.  The  average  operating 
conditions  of  the  present  test  are  outlined  below; 


M 

oc 

Pn  *  Psia 

OO 

T0  ,  °R 

OC 

3.99 

37 

675 

8.09 

800 

1345 

Poe  -  Psia 


°R 


0.247 

0.076 


161 


Re  /ft 
2.4  x  10“ 
3.3  x  10* 


95 
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3.2  PROCEDURE 

Following  the  establishment  of  steady  flow  in  the  wind  tunnels,  the 
model  cooling  air  supply  was  adjusted  until  the  forebody  thermocouples 
indicated  the  desired  model  wall  temperature.  Model  surface  pres¬ 
sures  and  temperatures  were  then  recorded.  Following  this,  the  survey 
probe  was  located  at  the  desired  model  station  and  moved  radially 
outward  until  the  uniform  external  flow  was  reached.  For  the  surveys 
of  the  reverse  flow  along  the  cavity  floor,  the  above  procedure  was 
followed  with  the  survey  probe  pointing  downstream  with  respect  to  the 
free -stream  direction.  Table  I  contains  a  summary  of  measurements 
made. 


3.3  DATA  REDUCTION 

3.3.1  Forebody  Velocity  Profiles 

The  forebody  survey  pitot  pressures  were  combined  with  the  wall 
static  pressure,  assumed  constant  across  the  boundary  layer,  to  cal¬ 
culate  local  Mach  number.  For  =  8.  09,  =  0.  8,  measured  total 

temperatures,  extrapolated  to  the  wall  temperature,  were  used,  with 
the  local  Mach  number,  to  calculate  velocity.  In  the  absence  of  meas¬ 
ured  total  temperature  at  =  3.  99  and  8.  09,  ~Yf~  =  0.  4,  Crocco's 

relation  between  velocity  and  total  temperature  (Appendix  I),  was  used 
in  an  iterative  procedure  to  determine  the  velocity. 

To  determine  the  skin  friction  term  appearing  in  the  universal 
velocity  profile  correlation  (Appendix  II),  the  calculated  velocities 
nearest  the  wall  were  used  to  form  the  derivative  —  at  the  wall 

dy 

3.3.2  Covity  Flow  Field  Profiles 

The  variation  of  Mach  number  across  the  mixing  layer  at  MN  =  3.99 
was  obtained  using  the  measured  pitot  pressures  and  the  surface  static 
pressure  measured  on  the  cavity  floor  at  the  station  being  surveyed, 
assuming  this  pressure  to  be  constant  across  the  mixing  layer.  Ex¬ 
perimental  total  temperatures  were  used  with  these  Mach  numbers  to 
calculate  velocity. 

The  pitot  pressure,  flow  field  static  pressure,  and  total  temperature 
used  in  the  calculations  of  mixing  layer  velocity  were  all  measured  at 

=  8.  09  except  for  -  =  0.  4,  i  =  1.  5  and  2.  0.  For  these  cases,  the 

DO 

flow  field  static  pressure  was  not  measured,  and  for  calculations,  the 
surface  pressure  on  the  cavity  floor  at  those  survey  stations  was  assumed 
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constant  across  the  plane  of  survey.  The  total  temperatures  at  those 
points  in  the  reverse-flow  boundary  layer  close  to  the  wall  that  the 
temperature  probe  could  not  reach,  were  interpolated  between  measured 
values  and  the  wall  temperature. 

The  correlation  of  velocities  with  the  error  function  profile 
(Appendix  III)  first  required  the  location  on  each  velocity  profile  of  the 
point  at  which  the  velocity  was  one-half  that  at  the  free- stream  edge 
of  the  mixing  layer.  This  point  at  which  =  0.  5  was  the  origin  y  =  0 
of  the  correlation  coordinate  system  and  was  determined  from  large 
scale  plots  of  each  velocity  profile.  Two  quantities  were  to  be  found; 
the  distance,  x0,  from  the  front  edge  of  the  cavity  to  the  effective  origin 
of  the  mixing  layer  profiles  and  the  coefficient,  a,  describing  the  rate 
of  growth  in  width  of  the ‘mixing  layer.  These  were  chosen  for  the  set 
of  mixing  layer  profiles  at  and  downstream  of  i  =  2  in.  at  each  test  condi¬ 
tion,  to  give  the  best  fit  between  experimental  and  theoretical  slope  of 
velocity  with  vertical  distance  at  the  point  =  0,5, 

The  correlations  of  measured  total  temperature,  with  Crocco's 
temperature  relation  for  the  error  function  velocity  profile,  made  use 
of  the  values  of  °  and  xQ  established  from  the  velocity  profiles.  The 
additional  quantities  needed  for  this  correlation  were  the  total  tempera¬ 
tures  of  the  fluid  at  the  free- stream  and  zero-velocity  edges  of  the 
mixing  layer.  Experimental  values  of  these  temperatures  were  used. 


3.4  PRECISION  OF  DATA 

During  the  course  of  the  test,  the  maximum  deviations  from  the 
average  operating  conditions  were  within  the  following  limits; 


±1.5  percent  ±2  percent  +5.5  percent 

There  was  negligible  variation  in  Mach  number  from  the  stated  condi¬ 
tions. 

The  estimated  precision  of  measurements  was  as  follows: 

1.  All  pressure  measurements:  ±1  percent  or  ±0.  004  psia, 
whichever  is  greater. 

2.  Model  wall  temperature:  ±1  percent 

3.  Stilling  chamber  stagnation  temperature:  within  2  percent 
of  the  true  value. 
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4.  Flow  field  total  temperature:  The  total  temperature  probes 
read  consistently  lower  than  the  stilling  chamber  probe  by 
an  amount  not  greater  than  1  percent,  when  free-stream 
readings  were  compared. 

5.  The  model  was  aligned  with  the  flow  to  within  0.  3  deg. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


The  initial  and  boundary  conditions  for  development  of  the  cavity 

fiei?  a™  des?ribed  in  Figs.  4  and  5,  and  the  data  are  presented  in 
Tabies  II  III,  and  IV.  The  static  pressure  gradient  along  the  forebody 
a  ead  of  the  cavity  was  zero  for  all  cases  (Fig.  4a);  and  the  wall-to-free- 
stream  temperature  ratio  (Fig. '4b)  was  constant  in  this  region  within 
±0.  04  in  Tw/T„m.  The  increase  in  static  pressure  ratio  in  the  cavity  over 
that  of  the  forebody  was  associated  with  a  weak  shock  wave  system  which 
was  observed  in  shadowgraphs.  Along  the  floor  of  the  cavity  the  wall 
temperature  rises  slightly  going  toward  the  downstream  face;  however 
the  static  pressure  remained  essentially  constant,  indicating  that  the  mix¬ 
ing  layer  developed  in  a  region  of  zero  streamwise  pressure  gradient.  The 
only  complete  surface  temperature  distribution  obtained  at  M  =8.  09, 
that  for  Tw/TCoo  =  0.45,  is  included  to  illustrate  the  close  agreement  be¬ 
tween  the  forebody  and  cavity  temperatures  at  this  Mach  number. 

The  velocity  profiles  of  Fig.  5a  indicate  that  the  flow  outside  the 
boundary  layer  was  of  uniform  velocity  and  that  the  boundary-layer 
thickness  was  of  the  order  of  0.  3  in.  For  these  tests,  with  a  cavity  of 
.  in.  radial  depth,  the  ratio  of  initial  boundary-layer  thickness  to 
cavity  depth  was  approximately  0.  17.  At  Mm  =  3.99  and  8.09, 

Tw/T°«  s  8'  the  initial  boundary  layer  was  turbulent  (Fig.  5b);  how- 
ever  at  M  =  8.09,  Tw/T0m  =  0.4,  the  boundary  layer  had  not  quite  com¬ 
pleted  transition.  1 


The  schematic  diagram  of  Fig.  6a  illustrates  the  features  of  the  cavity 
How  of  the  present  experiment.  The  mixing  layer  develops  from  the 
initial  boundary  layer  and  proceeds  across  the  cavity.  At  the  cavity  down¬ 
stream  face,  a  portion  of  the  flow  impinges  on  the  cavity  wall,  causing  the 
elevated  surface  pressures  and  temperatures  in  this  region  noted  in 
Fig.  4.  This  impinging  flow  then  proceeds  toward  the  cavity  floor  and 
thence  upstream  as  a  recirculating  reverse  flow.  A  reverse-flow  boundary 
layer  forms  between  this  recirculating  flow  and  the  cavity  wall.  The  action 
of  turbulent  fluid  in  the  lower  velocity  region  of  the  mixing  layer  recovers 
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the  fluid  which  has  circulated  in  the  cavity  and  carries  it  along  as  part 
of  the  mixing  layer  until  it  again  impinges  on  the  aft  face  of  the  cavity1-. 

The  oil  flow  photograph  (Fig.  6b)  shows  the  vortex  nature  of  the  re¬ 
circulating  flow.  The  oil  streamer  seen  leaving  the  splitter  plate  was 
continuously  blown  back  onto  the  aft  face,  thence  toward  the  cavity  floor, 
and  back  onto  the  splitter  plate. 

The  velocity  and  total  temperature  profiles  measured  at  =  8.  09, 

T 

...  w  -0.4  vFig.  7),  show  the  features  outlined  above.  The  mixing 

'  0 

co 

layer,  which  has  developed  from  the  initial  forebody  boundary  layer,  the 
recirculating  flow,  and  a  boundary  layer  developed  on  the  cavity  floor 
are  shown.  The  velocity  profile  between  the  mixing  layer  and  the  flow 
boundary  layer  is  linear  indicating  a  solid  rotation  vortex  structure  with 
velocity  proportioned  to  distance  from  the  center.  The  vortex  is  elon¬ 
gated  along  the  cavity,  and  the  oil  flow  photograph  (Fig.  6b)  indicates  that 
it  is  confined  to  the  downstream  two-thirds  of  the  cavity.  The  magnitude 
of  the  reverse-flow  velocity  reaches  a  maximum  value  nearly  0.  5  times 
the  free- stream  velocity.  In  the  upstream  corner  of  the  cavity,  upstream 
of  the  vortex  flow,  is  a  region  of  inactive  fluid  (Fig.  6b). 

The  total  temperature  profiles  of  Fig.  7b  supply  information  relative 
to  the  question  of  recirculating  fluid  temperature.  Here,  although  the 
wall  temperature  is  only  0. 4  times  the  free- stream  total  temperature, 
the  recirculating  fluid  remains  at  a  temperature  averaging  0.  75  T0^ 
until  the  reverse-flow  boundary  layer  is  reached.  It  is  within  this  cavity 
floor  viscous  layer  that  the  largest  part  of  the  temperature  drop  from 
free- stream  to  wall  value  takes  place.  A  summary  of  the  experimental 
measured  and  calculated  data  at  l  -  3  for  the  above  conditions  is  presented 
in  Fig.  7c,  and  complete  data  are  presented  in  Table  V. 

With  regard  to  the  assumption  of  Korst  and  Chow  (Ref.  5)  that  the 
velocity  profiles  of  a  mixing  layer  can  be  adequately  represented  by  the 
error  function  profile  (Appendix  III),  the  correlations  of  Fig.  8  indicate 
that  this  assumption  is  satisfactory  even  at  hypersonic  Mach  numbers. 
Toward  the  outer  region,  which  because  of  its  higher  velocity  contributes 
most  to  the  momentum  of  the  flow,  the  maximum  difference  between  the 
error  function  and  the  experimental  velocities  is  about  5  percent. 

The  assumption  that  Crocco's  linear  relation  between  velocity  and 
total  temperature  (Appendix  I)  is  useful  as  an  engineering  approximation 
is  also  borne  out  by  the  experimental  results  (Fig.  9),  although  the  form 
of  the  temperature  distribution  does  not  follow  the  form  of  the  theory. 

The  experimental  data  follow  the  form  of  the  total  temperature  distribution 


7 


AEDC-T  R-66-73 


in  a  boundary  layer  of  air  (Pr  «  0.7)  over  an  insulated  plate  (Appendix  I 
and  Ref.  8).  in  that  there  is  a  migration  of  energy  to  the  outer  layers 
of  fluid,  resulting  in  an  excess  of  total  temperature  above  either  the 
wall  temperature  or  the  free-stream  total  temperature.  The  errors  in¬ 
volved,  however,  with  using  the  Crocco  relation  as  an  approximation  to 
the  total  temperature  distribution  in  the  present  case  are  less  than 
7  percent. 

The  manner  in  which  heat  transfer  from  the  outer  stream  to  the 
cavity  wall  takes  place  involves  both  the  mixing  layer  and  the  reverse- 
flow  boundary  layer.  High  temperature  fluid  is  received  into  the 
cavity  from  the  mixing  layer  at  the  cavity  downstream  face.  This  fluid 
then  passes,  in  part,  into  the  cavity  floor  boundary  layer,  and  heat  is 
transferred  from  the  fluid  to  the  cavity  wall.  The  cooler  reverse-flow 
boundary-layer  fluid  then  passes  up  into,  and  becomes  part  of,  the  mixing 
layer  near  the  upstream  face  of  the  cavity.  As  the  mixing  layer  pro¬ 
ceeds  downstream,  energy  is  transferred  across  the  mixing  layer 
from  the  free  stream  to  the  cooler  reverse-flow  fluid.  The  greatest 
resistance  to  the  flow  of  heat  is  the  reverse-flow  boundary  layer, 
which  requires  a  large  temperature  difference  to  transfer  an  amount 
of  heat  -which  the  mixing  layer  can  transfer  internally  with  very  little 
temperature  drop.  It  is  for  this  reason  that  the  temperature  is  nearly 
constant  across  the  mixing  layer  and  recirculating  flow,  dropping 
rapidly  only  in  the  reverse -flow  boundary  layer. 

The  values  of  a  used  in  the  correlations  of  mixing  layer  velocity  with 
the  error  function  velocity  profile  (Fig.  8)  were  all  near  12,  as  shown  in 
Fig.  10.  This  is  an  accepted  value  of  c  for  subsonic  flow  (Ref.  9).  The 
summary  of  jet- spreading  data  presented  in  Ref.  9  indicates  that,  rather 
than  12,  the  value  of  a  at  Mm  =  3.  99  should  have  been  about  25,  and  that 
it  should  be  even  higher  is  suggested  by  the  data  of  Cary  presented  in  this 
reference.  In  Ref.  10  a  comparison  is  presented  of  a  relation  for  a  sug¬ 
gested  by  Korst  and  a  relation  proposed  by  Abramovich.  The  Korst 
equation  gives  a  values  at  Mm  =  4  and  8  of  23  and  34,  respectively,  where¬ 
as  the  Abramovich  relation  gives  17.  5  and  20.  5.  The  experimental  work 
of  Ref.  11  indicated  that  when  shock  wave  disturbances  were  located  near 
the  origin  of  the  mixing  layer,  the  value  of  a  dropped  sharply  from  its 
value  in  disturbance-free  flow.  The  presence  of  the  weak  shock  wave 
system  at  the  beginning  of  the  cavity  flow  region  may  have  affected  the 
present  experimental  results  in  a  similar  manner. 

SECTION  V 
CONCLUSIONS 

An  experimental  investigation  of  turbulent  flow  over  a  cavity  in  an 
aerodynamic  surface  has  been  conducted.  The  test  was  carried  out  at 
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Mach  numbers  3.  99  and  8.  09,  with  Reynolds  numbers  based  on  free- 
stream  conditions  and  length  of  body  ahead  of  the  cavity  of  8.0  x  10^ 
and  11.0  x  10^,  respectively.  Two  conditions  of  wall-to-free-stream 
stagnation  temperature  ratio,  0.  4  and  0.  8,  were  tested  at  =  8.  09, 
whereas  at  =  3.  99,  the  temperature  ratio  was  0.  75.  For  all  tests, 
the  ratio  of  initial  boundary-layer  thickness  to  cavity  depth  was  approxi¬ 
mately  0.  2,  and  there  was  negligible  model  wall  temperature  or  pres¬ 
sure  gradient  upstream  of  the  cavity.  Within  this  range  of  variables, 
the  following  conclusions  can  be  made: 

1.  At  Mk  =  8.  09,  with  the  wall  temperature  only  0.  4  times  the 
free- stream  stagnation  temperature,  the  recirculating  fluid 
total  temperature  averaged  0.  75  times  the  free-stream  value. 
The  further  decrease  in  temperature  from  that  of  the  recir¬ 
culating  fluid  to  that  at  the  wall  took  place  across  the  thin, 
reverse-flow  boundary  layer  along  the  cavity  floor. 

2.  The  compress ible-flow  experimental  velocities  correlated  well 
with  the  theoretical  incompressible-flow  error  function  profile 
of  Goertler. 

3.  Crocco's  linear  relation  between  velocity  and  total  temperature 
adequately  described  the  total  temperature  variation  across  the 
mixing  layer. 

4.  The  mixing  zone  similarity  parameter,  a,  was  near  12  regard¬ 
less  of  Mach  number  or  wall  temperature  ratio. 
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Fig.  5  Forebody  Velocity  Profiles 
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b.  Comparison  of  Experimental  Profiles  with  Universal  Velocity  Profile 
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b.  Oil  Flow  Photograph  of  Cavity  Flow  Region 
Fig.  6  Main  Features  of  Experimental  Cavity  Flow 
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Fig.  7  Concluded 
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Fig.  9  Correlation  of  Experimental  Total  Temperature  Profiles  with  Crocco  Relation 
Derived  with  Error  Function  Velocity  Profile 
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Fig.  10  Comparison  of  Experimental  a  Values  with  Proposed  Theoretical 
Relations  and  Other  Data 
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SUMMARY  OF  MEASUREMENTS 
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All  Dimensions  In  Inches 


Nomeac.ature ,  Thermocouple,  and  Heat  Meter  Locations 
for  Surface  Temperature  Data  of  Table  III 

TABLE  III 

SURFACE  TEMPERATURES 


Tw/Tc 

CD 

Thermocouple 

A 

B 

Test 

A 

B 

No. 

Condition 

T: 

0.  74 

0.  45 

M_ 

3.  99 

8.  09 

t2 

t3 

0.  75 
0.  75 

Nominal  TW/TQ 

0.  75 

0.45 

1 

0.  77 

0.  45 

Re„.  ffl 

2.4  x 10"® 

3.3  x  10® 

2 

3 

4 

0.  78 
0.78 
0.  77 

0.  47 

0.  46 

0.  45 

P0a><  psia 
T0-.*R 

37.  0 

678 

800 

1367 

5 

0.  76 

0.44 

6 

0.  76 

0.  45 

7 

0.  76 

0.  44 

8 

0.  76 

0.  45 

9 

0.  76 

0.46 

10 

0.77 

0.46 

11 

0.76 

0.46 

12 

0.77 

0.46 

13 

0.77 

0.  47 

14 

0.  77 

0.48 

15 

0.  77 

0.49 

16 

0.76 

0.49 

17 

0.  78 

0.  49 

18 

— 

0.  51 

19 

0.  80 

0.  52 

20 

0.  79 

0.  51 

21 

— 

0.  53 

22 

— 

0.49 

23 

— 

0.56 

24 

— 

0.57 
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Survey 

Plane 


All  Dimensions  In  Inches 


Nomenclature  for  Porebody  Boundary- Layer  Survey 
Data  of  Table  IV 


TABLE  IV 

FOREBODY  BOUNDARY-LAYER  SURVEY  DATA 

Re_  =  2.4  x  106  /ft 


M.  =  3.  99 
Tw/T„  =  0.  75 


Pqco  =  37-°  Psia 


To»  =  673°H 


R,  in. 


2.  780 

2.  810 
2.  850 
2.  900 

2.  950 

3.  060 
3.  175 
3.  290 
3.490 
3.  700 


P0  .  psia 


1.  53 

2.  57 

3.  36 

3.  91 

4.  41 
4.  80 
4.  76 
4.  85 
4.  77 
4.  82 


PW'  Psia 


0.  230 


0.  230 


Crocco 

Relation 

M 

u, 

ft/sec 

2.  20 

637 

1939 

2.  89 

656 

2222 

3.  32 

664 

2342 

3.  59 

668 

2403 

3.  82 

671 

2450 

3.  99 

673 

2480 

3,99 

673 

2480 

AEDC-t  R- 66-73 


TABLE  IV  (Continued) 

Forebody  Velocities 

Re^  =  3.3  x  106 /ft 

=  8.  09  pQ  =  803  psia 

Tw/Toffl  =  °-40  T0m  =  1345°R 


R,  in. 

Po',  psia 

2.  766 

0.  103 

0.  070 

0.  86 

2.  777 

0.  169 

1.  25 

2.  785 

0.  266 

1.  61 

2.  793 

0.  349 

1.  89 

2.  802 

0.  440 

2.  14 

2.  810 

0.  506 

2.  32 

2.  818 

0.  576 

2.  49 

2.  860 

0.  98 

3.  25 

2.  877 

1.  21 

3.  62 

2.  910 

1.  82 

4.  44 

2.  927 

2.  23 

4.  94 

2.  945 

2.  67 

5.  41 

2.  967 

3.  40 

6.  11 

2.  993 

4.  13 

6.  75 

3.  018 

4.  63 

7.  14 

3.  043 

4.  87 

7.  32 

3.  068 

5.  01 

7.  45 

3.  093 

5.  09 

7.  48 

3.  118 

5.  14 

7.  52 

3.  143 

5.  19 

7.  57 

3.  168 

5.  23 

7.  60 

3.  193 

5.  26 

7.  62 

3.  216 

5.  28 

7.  63 

3.  241 

5.  29 

7.  65 

3.  267 

5.  31 

7.  65 

3.  317 

5.  32 

7.  67 

3.  417 

5.  34 

7.  68 

3.  517 

5.  38 

7.  71 

3.  616 

5.  38 

7.  71 

3.  768 

5.  39 

0.  070 

7.  71 

Crocco  Relation 


T 


O 

0> 


751 

850 

932 

992 

1043 

1075 

1102 


u, 

ft/sec 


1010 

1487 

1872 

2166 

2405 

2460 

2684 


1192 

1222 

1270 

1286 

1303 

1322 

1333 

1341 

1345 


1345 


3118 

3253 

3495 

3567 

3648 

3738 

3786 

3827 

3850 

3852 

3852 

3850 

3847 

3856 

3860 

3860 

3850 

3850 

3855 

3855 

3865 

3865 

3865 
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TABLE  IV  (Continued) 


Forebody  Velocities 

Rem  =  3.3  x  106/ft 


~  8-  09  P0<B  =  802  psia 

Tw/Tote  =  °- 80  Tq  =  1 326°R 


R,  in. 

P0'>  Psia 

pw’ 

psia 

M 

T0,  °R 

u. 

ft/ sec 

2.  766 

0.  107 

0.  076 

0.  76 

1 149* 

1196 

2.  775 

0.  159 

1.  13 

1179* 

1700 

2.  783 

0.  280 

1.  59 

1202* 

2200 

2.  791 

0.422 

1.  99 

1218* 

2543 

2.  800 

0.  561 

2.  33 

1234* 

2778 

2.  807 

0.  69 

2.59 

1243* 

2926 

2.  816 

0.  79 

2.  78 

1257* 

3028 

2.  825 

0.  90 

2.  97 

1269* 

3120 

2.  833 

0.  99 

3.  12 

1280 

3186 

2.  842 

1.  08 

3.  26 

1291 

3247 

2.  849 

1.  15 

3.  38 

1300 

3295 

2,  857 

1.  24 

3.  51 

1306 

3340 

2.  867 

1.  34 

3.  65 

1315 

3389 

2.  874 

1.  42 

3.  76 

1320 

3422 

2.  883 

1.  53 

3.  91 

1326 

3464 

2.  892 

1.  64 

4.  05 

1332 

3501 

2.  900 

1.  74 

4.  17 

1337 

3531 

2.  907 

1.  87 

4.  33 

1341 

3565 

2.  918 

2.  01 

4.  50 

1350 

3606 

2.  925 

2.  15 

4.  64 

1354 

3633 

2.  934 

2.  31 

4.  82 

1360 

3666 

2.  942 

2.  47 

4.  99 

1364 

3693 

2.  951 

2.  67 

5.  19 

1368 

3723 

2.  959 

2.  81 

5.  32 

1372 

3742 

2,  967 

3.  01 

5.  51 

1380 

3772 

2.  977 

3.  21 

5.  70 

1385 

3797 

2.  985 

3.  37 

5.  84 

1388 

3814 

2.  994 

3.  57 

6.  01 

1389 

3828 

3.  001 

3.  73 

6.  14 

1389 

3838 

3.  010 

3.  89 

6.  28 

1388 

3846 

3.  018 

4.  02 

6.  38 

1384 

3848 

3.043 

4.  38 

6.  67 

1373 

3849 

3.  068 

4.  66 

0.  076 

6.  87 

1365 

3849 

^Extrapolated  to  wall  temperature 
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TABLE  IV 


Forebody  Velocities 

=  8.  09 

TVTo_  =  0-80  P0, 

Re„  =  3.3  x  106/ft  T0 


R,  in. 


Po'.  psia  jpw. 


psia 


M 


3.  094 
3.  118 
3.  143 
3.  169 
3.  195 
3.  218 
3.  245 
3.  269 
3.  319 
3.  370 
3.  422 
3.522 
3.  772 


4.  87 

4.  99 

5.  13 
5.  24 
5.  32 


0.  076 


5.  39 
5.  44 
5.  46 
5.51 
5.  54 
5.  55 
5. 57 
5.  57 


T 

0.  076 


7.  03 
7.  12 
7.  22 
7.  29 
7.  35 
7.  39 
7.  43 
7.  45 
7.  48 
7.  50 
7.51 
7.  53 
7.  53 


1356 

3846 

1345 

3834 

1340  | 

3832 

1336 

3829 

1333 

3828 

1331 

3827 

1330 

3827 

1329 

3826 

1328 

3826 

1327 

3826 

1326 

3825 

1326 

3826 

1326 

3826 

AEDC-TR-66-73 


TABLE  V 

CAVITY  FLOW  FIELD  SURVEY  DATA 

=  3-  99  P0ai  =  37  psia 

TW/To„  =  °-  75  T0|d  =  675°R 

Re„,  =  2.4  x  106/ft  i  =  0.  8  in. 
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TABLE  V  (Continued) 


M_  =  3.  99 

OD 

Tw/T0a>=  0.75 


i  =  2.  0  in. 


A  E  DC-T  R-66-73 


!  1 - 

■ 

u, 

|  R,  in.  |p  psia 

i - 1— _ 

p,  psia 

M 

T0,°R  ft/ sec 

1.  091  0.  232  0.  230  0.  13 


0  584 


1.  387 
1. 584 
1.  781 

1.  978 

2.  175 
2.  372 
2.  569 
2.  667 
2.  716 
2.  766 
2.  864 
2.  913 

2.  963 

3.  012 
3.  061 
3.  110 
3.  160 
3.  160 
3.  258 
3.  357 
3.  357 
3.  455 
3.554 
3. 751 
3.  948 


0.  231 
0.  237 
0.  242 
0.  250 
0.  256 
0.  250 
0.  292 
0.  366 
0.  477 
0.  69 

1.  44 

2.  04 

2.  85 

3.  37 

3.  92 

4.  40 
4.  78 

4.  78 

5.  18 
5. 42 
5.  41 
5.  50 
5.  05 
5.  06 
5.  05 


0.  11 
0.  21 
0.  28 
0.  35 
0.  40 
0.  43 
0.  60 
0.  85 

1.  08 

1.  39 

2.  12 

2.  56 

3.  05 
3,  32 
3.  59 
3.  81 
3.  98 

3.  98 

4.  14 
4.  24 
4.  24 
4,  27 
4.  09 
4.  09 
4.  09 


130 

248 

329 

410 

466 

500 

690 

955 

1180 

1455 

1936 

2140 

2300 

2362 

2420 

2476 

2486 

2486 

2510 

2520 

2520 

2520 

2502 

2502 

2502 


AEDC-TR- 66-73 


TABLE  V  (Continued) 


M„  -  3.  99 

Tw/To.  *  0-  75 

i  -  4.  0  in. 


1 

R,  in. 

P0\  Psia 

p,  psia 

M 

T0.  °R 

u, 

ft/ sec 

1.  968 

0.  242 

0.  235 

0.  22 

259 

584 

2.  165 

0.  255 

0.  34 

398 

584 

2.  263 

0.  265 

0.  42 

489 

585 

2.  362 

0.  285 

0.  54 

624 

589 

2.  460 

0.  328 

0.  71 

808 

594 

2.  559 

0.  410 

0.  93 

1035 

605 

2.  657 

0.  592 

1.  24 

1328 

624 

2.  756 

0.  95 

1.  65 

1651 

644 

2.  854 

1.  58 

2.  20 

1981 

664 

2.  904 

1.  97 

2.  48 

2132 

669 

2.  953 

2.  58 

2.  86 

2243 

675  [ 

3.  002 

3.  10 

3.  15 

2325 

677 

3.  051 

3.  66 

3.42 

2389 

678 

3.  150 

4.  41 

3.  77 

2456 

679 

3.  248 

4.  73 

3.  91 

2479 

3.  347 

4.  82 

3.  95 

2485 

3.  445 

4.  87 

3.  97 

2488 

3.  544 

4.  92 

3.  99 

2491 

3.  544 

4.  93  | 

3.  99 

2491 

3.  642 

5.  02 

4.  03 

2497 

3.  741 

5.  11 

4.  07 

2503 

3.  839 

5.  23 

4.  12 

2510 

3.  938 

5.  36 

4.  17 

2517 

4.  036 

5.  45 

4.  20 

2520 

4.  135 

5.  02 

4.  03 

2497 

4.  233 

5.  02 

4.  03 

2497 

4.  283 

5.  02 

4.  03 

2497 

4.  430 

5.  02 

4.  03 

2497 

4.  480 

5.  00 

0.  235 

4.  02 

2496 

679 

A  E  DC-T  R-66-73 


TABLE  V  (Continued) 

Mro  =  8.  09  vom  =  800  Psia 

Tw/Tom  =  0.4  T0<d  =  1 345°R 


-  3.3  x  1 0 6 / f t  £  =  0.  50  in 


38 
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TABLE  V  (Continued) 


M  =  8.  09 

a> 

Tw/Tom=0-40 


JC  =  1- 0  in. 


R,  in. 

P0',  psia 

p,  psia 

M 

T0,°R 

u, 

ft/  sec 

2.  S92 

0.  114 

0.  089 

0.  64 

1103 

1002 

2.  742 

0.  198 

0.  089 

1.  14 

1130 

1673 

2.  766 

0.  297 

0.  090 

1.  48 

1150 

2051 

2.  792 

0.  430 

0.  089 

1.  84 

1180 

2392 

2.  816 

0.  593 

0.  088 

2.  21 

1200 

2669 

2.  841 

0.  79 

0.  087 

2.  58 

1235 

2910 

2.  866 

1. 06 

0.  087 

3.  01 

1269 

3134 

2.  866  (R) 

1.  06 

0.  087 

3.  01 

1269 

3134 

2.  892 

1.  39 

0.  087 

3.  48 

1300 

3324 

2.  892  (R) 

1.  39 

0.  083 

3.  55 

1300 

3344  : 

2.  916 

1.  82 

0.  084 

4.  06 

1335 

3507 

2.  940 

2.  34 

0.  083 

4.  63 

1376 

3660 

2.  965 

3.  06 

0.  085 

5.  27 

1401 

3776 

2.  992 

3.  91 

0.  086 

5.  89 

1409 

3846 

3.  015 

4.  73 

0.  090 

6.  37 

1405 

3876 

3.  040 

5.  41 

0.  094 

6.  66 

1385 

3866 

3.  065 

5.  78 

0.  091 

6.  99 

1368 

3861 

3.  090 

5.  91 

0.  099 

6.  80 

1355 

3832 

3.  115 

5.  83 

0.  097 

6.  79 

1344 

3816 

3.  165 

5.  50 

0.  090 

6.  85 

1336 

3808 

3.  266 

5.  37 

0.  076 

7.  37 

1335 

3832 

3.  464 

5.  39 

0.  078 

7.  28 

1334 

3826 

3.  664 

5. 43 

0.  077 

7.  36 

1334 

3830 

5.  863 

5.  45 

0.  078 

7.  36 

1334 

3830 

39 
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TABLE  V  (Continued) 


=  8.  09 

TJT0.  - »' 40 

i  -  1.  5  in. 


R,  in. 

Po>  Psia 

P,  PSia 

M 

To-  °R 

u, 

ft/sec 

2.  394 

0.  088 

0.  086 

0.  19 

1070 

304 

2.  593 

0.  097 

0.  42 

1088 

667 

2.  692 

0.  151 

0.  96 

1119 

1446 

2.  741 

0.  272 

1. 43 

1140 

1993 

2.  766 

0,  373 

1.  73 

1169 

2293 

2.  791 

0.  502 

2.  05 

1191 

2556 

2.  816 

0.  669 

2.  39 

1216 

2791 

2.  841 

0.  88 

2.  74 

1231 

2979 

2.  866 

1.  16 

3.  19 

1273 

3202 

2.  891 

1.  52 

3.  65 

1302 

3372 

2.  941 

2.  47 

4.  68 

1380 

3674 

2.  991 

3.  85 

5.  87 

1427 

3868 

3.  015 

4.  53 

6.  37 

1429 

3909 

3.  040 

5.  11 

6.  77 

1427 

3931 

3.  091 

5.  93 

7.  29 

1394 

3912 

3.  139 

6.  16 

7.  43 

1376 

3893 

3.  165 

6.  04 

7.  36 

1370 

3881 

3.  190 

5.  82 

7.  23 

1366 

3870 

3.  215 

5.  63 

7.  11 

1363 

3860 

3.  239 

5.  51 

7.  03 

1361 

3853 

3.  265 

5.  45 

6.  99 

1358 

3846 

3.  290 

5.  42 

6.  97 

1357 

3844 

3.  340 

5.  38 

6.  95 

1357 

3843 

3.  440 

5.  36 

6.  93 

1356 

3841 

3.  538 

5.  39 

6.  95 

1355 

3840 

3.  738 

5.  41 

6.  96 

1354 

3839 

3.  938 

5.  44 

0.  086 

6.  98 

1353 

3839 

40 
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TABLE  V  (Continued) 


Mffi  =  8.  09 

T  IT  =  0  40 
w'  o® 


a  -  2.  0  in. 


r 

R,  in. 

Po-  Psia 

p,  psia 

M 

H 

o 

o 

a 

u, 

ft/sec 

2.  595 

0.  091 

0.  085 

0.  52 

1085 

818 

2.  645 

0.  129 

0.  81 

1100 

1238 

2.  693 

0.  165 

1.  09 

1120 

1607 

2.  720 

0.  214 

1. 29 

1135 

1845 

2.  745 

0.  285 

1.51 

1151 

2081 

2.  770 

0.  375 

1.  77 

1169 

2326 

2.  793 

0.  479 

2.  03 

1186 

2537 

2.  819 

0.  63 

2.  36 

1210 

2767 

2.  843 

0.  81 

2.  64 

1228 

2930 

2.  893 

1.  31 

3.  40 

1280 

3276 

2.  942 

2.  08 

4.  32 

1339 

3561 

2.  993 

3.  19 

5.  37 

1390 

3772 

3.  041 

4.47 

6.  37 

1403 

3873 

3.  093 

5.  41 

7.  01 

1387 

3888 

3.  142 

5.  97 

7.  36 

1362 

3870 

3.  166 

6.  15 

7.  48 

1352 

3861 

3.  194 

6.  28 

7.  56 

1347 

3857 

3.  219 

6.  30 

7.  57 

1344 

3853 

3.  240 

6.  27 

7.  55 

1342 

3849 

3.  266 

6.  15 

7.  48 

1340 

3843 

3.  292 

5.  89 

7.  32 

1338 

3834 

3.  316 

5.  71 

7.21 

1336 

3826 

3.  341 

5.  55 

7.  10 

1335 

3819 

3.  365 

5. 47 

7.  05 

1334 

3815 

3.  365 

5. 47 

0.  085 

7.  05 

1334 

3815 
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TABLE  V  (Continued) 

Mro  =  8.  09 
^w/T0(D  =  0.  40 


ft  =  2.  0  in. 


R,  in. 

Po’>  psia 

p,  psia 

M 

To 

°R 

u, 

ft/sec 

3.  390 

5.  43 

0. 

085 

7.  03 

1334 

— 

3.  416 

5.  40 

7.  01 

3.  440 

5.  39 

o 

o 

r— 

3.  490 

5.  37 

6.  99 

3812 

3.  540 

5.  38 

7.  00 

3813 

3.  590 

5.  40 

7. 02 

3814 

3.  690 

5.  40 

7.  02 

3814 

3.  792 

5.  43 

0.  085 

7.  03 

1334 

3814 

42 
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TABLE  V  (Continued) 


Mm  =  8.  09 
00 

TVT0„."  °-40 

S.  -  3.  0  in. 


- 

R,  in. 

Po'  Psia 

p,  psia 

M 

T0,°R 

u, 

ft/ sec 

2.  196 

0.  076 

0.  074 

0.  42 

1041 

655 

2.  295 

0.  081 

0.  075 

0.  46 

1048 

718 

2.  395 

0.  082 

0.  076 

0.  49 

1060 

765 

2.  495 

0.  090 

0.  076 

0.  59 

1075 

917 

2. 595 

0.  135 

0.  075 

0.  99 

1096 

1469 

2.  642 

0.  185 

0.  073 

1.  26 

1114 

1796 

2.  691 

0.  259 

0.  073 

1.56 

1135 

2112 

2.  743 

0.  379 

0.  073 

1. 93 

1164 

2443 

2.  791 

0.  552 

0.  072 

2.  37 

1193 

2753 

2.  841 

0.  83 

0.  072 

2.  92 

1235 

3058 

2.  890 

1.  22 

0.  072 

3.  58 

1279 

3324 

2.  940 

1.  81 

0.  073 

4.  35 

1330 

3554 

2.  991 

2.  67 

0.  074 

5.  25 

1375 

3739 

3.  040 

3.  63 

0.  078 

6.  00 

1400 

3843 

3.  090 

4.  49 

0.  080 

6.  56 

1401 

3883 

3.  141 

5.  14 

0.  090 

6.  62 

1382 

3860 

3.  189 

5.  67 

0.  095 

6.  79 

1363 

3843 

3.  240 

6.  16 

0.  102 

6.  84 

1349 

3826 

3.290 

6.41 

0.  105 

6.  87 

1340 

3815 

3.  315 

6.  49 

0.  106 

6.  86 

1340 

3814 

3.  339 

6.  56 

0.  109 

6.  81 

1340 

3811 

3.  366 

6.  61 

0.  Ill 

6.  79 

1340 

3810 

3.  391 

6.  60 

0.  112 

6.  75 

1340 

3808 

3.  415 

6.  53 

0.  Ill 

6.  72 

1340 

3806 

3.  439 

6.  35 

0.  Ill 

6.  64 

1340 

3803 

3.  489 

5.  86 

0.  105 

6.  56 

1339 

3796 

3.  598 

5.  44 

0.  093 

6.  72 

1337 

3802 

3.  689 

5. 40 

u.  087 

6.  90 

1336 

3811 

3.  788 

5.  44 

0.  085 

7.  01 

1336 

3816 

3.  988 

5.  48 

0.  087 

6.  97 

1335 

3813 
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AEDC-TR- 66-73 


TABLE  V  (Continued) 


JVT  =  8.  09 

OD 

Tw/T0a>  =  0.40 
a.  =  3. 5 


JR,  in. 

P0',  psia 

p,  psia 

M 

T0,°R 

u, 

ft/ sec 

2.  494 

0.  099 

0.  069 

0.  81 

1079 

1226 

2.  593 

0.  164 

0.  071 

1. 20 

1104 

1722 

2.  643 

0.  220 

0.  070 

1.  47 

1119 

2014 

2.  692 

0.  306 

0.  070 

1.  76 

1140 

2289 

2.  742 

0.  435 

0.  070 

2.  14 

1165 

2586 

2.  792 

0.  62 

0.  070 

2.  57 

1195 

2858 

2.  841 

0.  89 

0.  069 

3.  10 

1229 

3116 

2.  891 

1.  22 

0.  070 

3.  71 

1270 

3345 

2.  891 

1.  28 

0.  069 

3.  73 

1270 

3350 

2.  941 

1.  81 

0.  069 

4.  47 

1316 

3556 

2.  991 

2.  51 

0.  070 

5.  23 

1360 

3716 

3.  041 

3.  25 

0.  074 

5.  81 

1393 

3817 

3.  190 

5.  38 

0.  093 

6.  67 

1375 

3852 

3.  240 

5.  90 

0.  095 

6.  91 

1358 

3842 

3.  289 

6.  23 

0.  102 

6.  85 

1346 

3822 

3.  289 

6.  23 

0.  101 

6.  90 

1346 

3825 

3.  339 

6.  42 

0.  105 

6.  87 

1340 

3815 

3.  363 

6.  51 

0.  107 

6.  84 

1339 

3812 

3.  389 

6.  57 

0.  109 

6.  82 

1338 

3809 

3.  413 

6.  63 

0.  109 

6.  84 

1338 

3811 

3.  440 

6.  67 

o.  no 

6.  85 

1337 

3809 

3.  463 

6.  68 

0.  Ill 

6.  82 

1337 

3808 

3.  489 

6.  64 

0.  110 

6.  81 

1337 

3807 

3.  513 

6.  53 

0.  Ill 

6.  73 

1336 

3801 

3.  563 

6.  06 

0.  109 

6.  55 

1336 

3791 

3.  614 

5.  63 

0.  101 

6.  57 

1335 

3790 

3.  663 

5.  46 

0.  090 

6.  84 

1334 

3804 

3.  713 

5.  39 

0.  088 

6.  89 

1333 

3806 

3.  813 

5.  43 

0.  087 

6.  95 

1332 

3807 

3.  913 

5.  44 

0.  086 

7.  00 

1331 

3809 

4.  114 

5.  50 

0.  085 

7.  07 

1330 

3811 
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TABLE  V  (Continued) 

M„  =  8.  09 
Tw/To.  ■  °-  40 
S.  =  4.  0  in. 


R,  in. 

p0’f  psia 

p,  psia 

M 

To 

,  °R 

u, 

ft/sec 

2.  395 

0.  086 

0.  070 

0.  64 

1054 

979 

2.  494 

0.  121 

0.  071 

0.  95 

1073 

1404 

2.  593 

0.  193 

0.  070 

1.  35 

1089 

1869 

2.  644 

0.  262 

0.  069 

1.61 

1123 

2146 

2.  693 

0.  358 

0.  069 

1. 93 

1145 

2423 

2.  743 

0.  495 

0.  068 

2.  32 

1172 

2701 

2.  793 

0.  69 

0.  067 

2.  78 

1202 

2961 

2.  843 

0.  96 

0.  067 

3.  27 

1234 

3178 

2.  892 

1.  31 

0.  067 

3.  86 

1273 

3384 

2.  941 

1.  75 

0.  068 

4.  42 

1315 

3546 

2.  991 

2.  31 

0.  068 

5.  12 

1355 

3697 

3.  041 

2.  98 

0.  069 

5.  78 

1386 

3805 

3.  091 

3.  74 

■  0.  073 

6.  29 

1395 

3857 

3.  141 

4.  45 

0.  078 

6.  62 

1380 

3857 

3.  189 

5.  05 

0.  085 

6.  76 

1373 

3855 

3.  189 

5.  00 

0.  087 

6.  65 

1373 

3849 

3.  240 

5.  54 

0.  091 

6.  84 

1355 

3834 

3.  290 

5.  94 

0.  096 

6.  89 

1343 

3820 

3.  339 

6.  24 

— 

1339 

— 

3.  389 

6.  46 

0.  106 

6.  86 

1338 

3811 

3. 439 

6.  58 

0.  108 

6.  86 

| 

3.  465 

6.  64 

0.  109 

6.  85 

1 

3.  490 

6.  68 

0.  110 

6.  85 

3811 

3.  515 

6.  71 

0.  108 

6.  92 

1338 

3814 

3.  540 

6.  73 

0.  Ill 

6.  85 

1339 

3812 

3.  565 

6.  71 

0.  Ill 

6.  83 

1339 

3811 

3.  589 

6.  59 

0.  Ill 

6.  77 

1340 

3809 

3.  615 

6.  40 

0.  109 

6.  72 

1339 

3805 

3.  665 

5.  91 

0.  102  - 
0.  094 

6.  68 

1338 

3802 

3.  715 

5.  59 

6.  76 

1336 

3803 

3.  814 

5.  45 

0.  087 

6.  96 

1335 

3812 

3.  914 

5.  48 

0.  086 

7.  02 

3815 

4.  114 

5.  53 

0.  082 

7.  19 

3824 

4.  314 

5.  56 

0.  084 

7.  17 

1335 

3823 
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TABLE  V  (Continued) 

M.  =  8.  09 
Tw/TOo>  =  0.40 


H  -  4.  75  in, 


R,  in. 

P0‘,  psia 

p,  psia 

M 

T 

o 

,  °R 

u, 

ft/sec 

2.  295 

0.  073 

0.  067 

0.  48 

1060 

750 

2.  394 

0.  091 

0.  067 

0.  74 

1073 

1130 

2.  495 

0.  133 

0.  067 

1. 08 

1094 

1579 

2. 545 

0.  172 

0.  065 

1.  30 

1109 

1838 

2.  595 

0.  224 

0.  065 

1. 54 

1125 

2089 

2.  643 

0.  299 

0.  063 

1.  83 

1142 

2350 

2.  692 

0.  397 

0.  064 

2.  12 

1164 

2577 

2.  744 

0.  535 

0.  064 

2.  49 

1188 

2815 

2.  792 

0,  70 

0.  063 

2.  87 

1214 

3017 

2.  842 

0.  92 

0.  063 

3.  32 

1245 

3213 

2.  891 

1. 27 

0.  062 

3.  86 

1282 

3402 

2.  943 

1. 58 

0.  062 

4.  41 

1317 

3553 

2.  994 

2.  06 

0.  062 

5.  06 

1358 

3701 

3.  041 

2.  60 

0.  063 

5.  62 

1384 

3796 

3.  094 

3,  24 

0.  068 

6.  07 

- 

-- 

— 

3.  140 

3.  82 

0.  070 

6.  50 

- 

-- 

— 

3.  190 

4.  39 

0.  075 

6.  74 

1374 

3863 

3.  240 

4.  92 

0.  079 

6.  92 

1361 

3854 

3.  240 

4.  87 

0.  082 

6.  79 

1361 

3847 

3.  291 

5.  31 

0.  085 

6.  95 

1352 

3843 

3.  340 

5.  70 

0.  090 

6.  98 

1344 

3833 

3.  389 

6.  01 

0.  096 

6.  96 

1340 

3826 

3.  439 

6.  25 

0.  100 

6.  95 

1338 

3823 

3.  490 

6.  44 

0.  103 

6.  26 

1338 

3823 

3.  516 

6.  51 

0.  104 

6.  94 

1338 

3820 

3.  541 

6.  57 

0.  106 

6.  91 

3810 

3.  566 

6.  62 

0.  107 

6.  91 

3810 

3.  595 

6.  67 

0.  108 

6.  89 

3808 

3.  617 

6.  71 

0.  108 

6.  92 

3813 

3.  639 

6.  73 

0.  109 

6.  90 

3810 

3.  664 

6.  73 

0.  110 

6.  88 

1338 

3806 

3.  688 

6.  67 

0.  110 

6.  84 

1339 

3800 

3.  714 

6.  55 

o.  no 

6.  78 

1339 

3803 

3.  764 

6.  12 

0.  107 

6.  65 

1340 

3800 

3.  815 

— 

— 

— 

1338 

— 

3.  913 

5.  49 

0.  087 

6.  96 

1335 

3810 

4.  014 

5.  50 

0.  086 

7.  04 

1335 

3811 
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TABLE  V  (Continued) 

Re  verse -Flow  Survey 
Mw  =  8.  09 


T  /T 
w'  on 


0.  40 


S.  -  3.  5  in. 


R 

,  in. 

V 

,  psia 

P, 

psia 

M 

T0,°R 

ft/sec 

1. 

016 

0 

084 

0. 

073 

0.  45 

708* 

575 

1. 

040 

0 

092 

0. 

073 

0.  57 

776* 

740 

1. 

056 

0 

103 

0. 

073 

0.  72 

856* 

983 

1. 

070 

0 

119 

0. 

073 

0.  87 

935* 

1213 

1. 

104 

0 

124 

0. 

072 

0.  92 

965 

1274 

1. 

137 

0 

126 

0. 

072 

0.  93 

967 

1309 

1. 

161 

0 

124 

0. 

071 

0.  92 

979 

1305 

1. 

234 

0. 

111 

0. 

069 

0.  85 

985 

1222 

1. 

334 

0. 

095 

0. 

069 

0.  69 

985 

1014 

1. 

382 

0. 

089 

0. 

068 

0.  62 

985 

919 

1. 

578 

0. 

077 

0. 

068 

0.  41 

983 

620 

1. 

775 

0. 

070 

0. 

067 

0.  26 

988 

398 

1. 

874 

0. 

069 

0. 

068 

0.  08 

996 

124  ! 

Extrapolated  to  wall  temperature 
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TABLE  V  (Continued) 

Reverse- Flow  Survey 

M,  =  8.  09 
Tw/T0ro  "  40 

A  =  4.  0  in. 


R,  in. 

Po;  psia 

P,  psia 

M 

■ 

1.  016 

0.  091 

0.  070 

0.  62 

781* 

817 

1.  023 

0.  092 

0.  073 

0.  59 

766* 

774 

1.  033 

0.  099 

0.  073 

0.  68 

811* 

909 

1.  040 

0.  106 

0.  073 

0.  76 

850* 

1027 

1.  056 

0.  122 

0.  071 

0.  91 

926* 

1258 

1.  071 

0.  142 

0.  073 

986* 

1440 

1.  088 

0.  148 

0.  072 

1.  07 

1006* 

1500 

1.  120 

0.  149 

0.  071 

1. 08 

997 

1.  144 

0.  143 

0.  070 

1. 06 

1009 

1491 

1.  194 

0.  129 

0.  070 

0.  98 

1009 

1389 

1.  244 

0.  114 

0.  068 

0.  90 

1002 

1295 

1.  343 

0.  096 

0.  068 

0.  72 

989 

1056 

1.  537 

0.  082 

0.  068 

0.  52 

985 

779 

1.  733 

0.  072 

0.  068 

0.  29 

996 

445 

1,  832 

0.  070 

0.  068 

0.  18 

1002 

278 

$ 

Extrapolated  to  wall  temperature 
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TABLE  V  (Continued) 

Reverse- Flow  Survey 
=  8.  09 

Tw/T0^  =  0.40 


£  =  4.  5  in. 


R,  in. 

P0',  psia 

p,  psia 

M 

tq. 

u, 

ft/ sec 

1.016 

0.  105 

0.  074 

0.  72 

816* 

959 

1.  024 

0.  104 

0.  074 

0.  71 

818* 

950 

1.  030 

0.  110 

0.  073 

0.  79 

848* 

1063 

1. 040 

0.  116 

0.  074 

0.  83 

868* 

1122 

1.  048 

0.  140 

0.  074 

1.  00 

949* 

1376 

1.  056 

0.  153 

0.  074 

1.  07 

980* 

1482 

1.  072 

0.  169 

0.  074 

1.  16 

1024* 

1615 

1. 089 

0.  176 

0.  073 

1.  20 

1040* 

1671 

1.  112 

0.  173 

0.  072 

1.  20 

1040 

1671 

1.  138 

0.  164 

0.  071 

1.  17 

1042 

1640 

1.  161 

0.  156 

0.  071 

1.  13 

1037 

1592 

1.  210 

0.  136 

0.  069 

1.  03 

1021 

1465 

1.  308 

0.  109 

0.  067 

0.  86 

1004 

1246 

1.  406 

0.  095 

0.  068 

0.  70 

996 

1033 

1. 553 

0.  082 

0.  069 

0.  51 

992 

768 

1.  652 

0.  077 

0.  069 

0.  39 

995 

594 

1.  850 

0.  068 

0.  068 

_ 

0.  08 

1018 

125 

* 


Extrapolated  to  wall  temperature 
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TABLE  V  (Continued) 

Reverse-Flow  Survey 
1VT  =  8.  09 

a> 

Tw/To«  =  °-40 
£  =  4.  75  in. 


R,  in. 

p0',  psia 

p,  psia 

M 

T0.°R 

u, 

ft/  sec 

1.  016 

0.  119 

0.  075 

0.  84 

884* 

1146 

1.  025 

0.  125 

0.  076 

0.  87 

898* 

1190 

1.  031 

0.  147 

0.  076 

1. 00 

961* 

1385 

1.  041 

0.  163 

0.  076 

1.  11 

1014* 

1550 

1.  048 

0.  172 

0.  076 

1.  14 

1030* 

1597 

1.  056 

0.  180 

0.  076 

1.  19 

1056* 

1672 

1.  065 

0.  185 

0.  076 

1.21 

1056* 

1693 

1.  072 

0.  187 

0.  075 

1.  23 

1056* 

1716 

1. 097 

0.  183 

0.  073 

1.  24 

1056* 

1729 

1.  121 

0.  175 

0.  072 

1.  20 

1056 

1683 

1.  170 

0.  158 

0.  071 

1.  14 

1057 

1616 

1.219 

0.  141 

0.  069 

1.  06 

1048 

1522 

1.  317 

0.  116 

0.  066 

0.  93 

1037 

1353 

1.  416 

0.  100 

0.  068 

0.  77 

1028 

1143 

1.  611 

0.  082 

0.  068 

0.  51 

1023 

780 

1.  808 

0.  075 

0.  069 

0.  33 

1033 

515 

Extrapolated  to  wall  temperature 
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TABLE  V  (Continued) 


M.  =  8.  09 


Tw/T0c,  = 

t  =  1. 0  in. 

D.  80 

J 

j  R,  in. 

Po*  Psia 

p,  psia 

M 

To’°R 

u. 

ft/ sec 

2.008 

0.  086 

0.  079 

0.  470 

— 

— 

2.  105 

0.  085 

0.  078 

0.  44 

— 

— 

1  2.222 

0.  084 

0.  078 

0.  40 

1142 

653 

1  2.308 

0.  080 

0.  078 

0.  340 

1147 

559 

2.  408 

0.  081 

0.  079 

0.  32 

1154 

528 

2.  505 

0.  080 

0.  081 

0.  32 

1162 

530 

2.  610 

0.  081 

0.  083 

0.  34 

1170 

564 

2.  708 

0.  110 

0.  085 

0.  71 

1200 

1151 

2.  733 

0.  171 

0.  085 

1. 07 

1223 

1656 

2.  758 

0.  306 

0.  086 

1. 55 

1255 

2218 

2.  783 

0.  52 

0.  086 

2.  07 

1280 

2666 

2.  808 

0.  76 

0.  083 

2.  59 

1300 

2997 

2.  835 

1.  05 

0.  085 

3.  04 

1316 

3208 

2.  859 

1.  37 

0.  085 

3.  48 

1329 

3367 

2.  885 

1.  66 

0.  086 

3.  82 

1344 

3474 

2.  908 

2.  04 

0.  087 

4.  22 

1358 

3575 

2.  933 

2.  44 

0.  089 

4.  58 

1375 

3659 

2.  958 

3.  00 

0.  091 

5.  02 

1386 

3734 

2.  980 

3.  52 

0.  093 

5.  38 

1393 

3784 

2.  991 

4.  12 

0.  094 

5.  81 

1395 

3827 

|  3.  035 

4.  61 

0.  097 

6.  04 

1385 

3831 

*  3.060 

4.  95 

0.  100 

6.  18 

1374 

3828 

(  3.088 

5.  12 

0.  101 

6.  26 

1362 

3817 

I  3. 115 

5.  20 

0.  102 

6.  26 

1352 

3803 

j  3.  138 

5.  25 

0.  097 

6.  46 

1345 

3805 

3.  165 

5.  31 

0.  098 

6.  47 

1339 

3797 

3.  189 

5.  36 

0.  096 

6.  56 

1335 

3797 

j  3.215 

5.  41 

0.  091 

6.  76 

1334 

3807 

1  3.243 

5.  46 

0.  092 

6.  75 

1333 

3805 

3.  268 

5.51 

0.  092 

6.  79 

1331 

3805 

3.  293 

5.  53 

0.  088 

6.  94 

1330 

3811 

3.  318 

5.  55 

0.  091 

6.  87 

1330 

3807 

3.  345 

5.  56 

0.  092 

6.  83 

1330 

3805 
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TABLE  V  (Continued) 


M.  =  8.  09 

Tw/T0_  -  0.  80 
H  -  1.  0  in. 


R,  in. 

Po'>  Psia 

p,  psia 

M 

To 

,°R 

u, 

ft/ sec 

3.  370 

5.  57 

0.  091 

6.  88 

1330 

3808 

3.  395 

5.  58 

0.  091 

6.  87 

3807 

3.  418 

5.  59 

0.  090 

6.  93 

3811 

3.  442 

5.  60 

0.  091 

6.  89 

3809 

3.  475 

5.  61 

0.  087 

7.  03 

1330 

3816 

3.  569 

5.  60 

0.  090 

6,  93 

1329 

3809 

3.  670 

5.  61 

0.  090 

6.  95 

3810 

3.  772 

5.  61 

0.  089 

6.  96 

3811 

3.  870 

5.  60 

0.  088 

6.  99 

1329 

3812 

.  —  J 
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AEDC-TR-66-73 


TABLE  V  (Continued) 


s 

9 

II 

CO 

o 

CD 

p_  =  800  psia 

°-80 

T  =  1 345°R 

0<j) 

Re„  =  3.  3  x  106/ft 

i  =  o.  10  in. 

R,  in. 

p0',  psia 

U  =  0. 10) 

P.  psia 

U  =  0.10) 

M 

11  0 
o  - 

I* 

u, 

ft/sec 

2.  767 

0.  105 

0.  090 

0.  54 

1215 

897 

1  2.771 

0.  135 

0.  090 

0.  81 

1230 

1309 

2.785 

0.  197 

0.  089 

1.  14 

1250 

1760 

2.  793 

0.  279 

0.  090 

1.41 

1265 

2079 

2.  801 

0.  402 

0.  090 

1.  76 

1278 

2423 

2.  810 

0.  529 

0.  089 

2.  06 

1285 

2662 

2.  817 

0.  65 

0.  087 

2.  33 

1295 

2845 

2.  826 

0.  80 

0.  089 

2. 57 

1305 

2987 

2.  834 

0.  89 

0.  088 

2.  73 

1312 

3071 

2.  842 

1.  00 

0.  088 

2.  91 

1322 

3159 

2.  867 

1.  30 

0.  086 

3.  36 

1333 

3331 

2.  893 

1.  62 

0.  089 

3.  71 

1345 

3442 

2.  917 

1.  99 

0.  091 

4.  08 

1360 

3544 

2.  944 

2. 42 

0.  091 

4.  50 

1375 

3639 

2. 967 

2.  89 

0.  092 

4.  90 

1386 

3712 

2.  994 

3.  41 

0.  089 

5.  42 

1392 

3779 

3.  020 

3.  87 

0.  089 

5.  77 

1389 

3809 

3.  045 

4.  26 

0.  088 

6.  10 

1384 

3829 

3.  070 

4.  52 

0.  087 

6.  33 

1379 

3836 

3.  119 

4.  95 

0.  086 

6.  64 

1364 

3837 

3.  169 

5.  19 

0.  089 

6.  71 

1350 

3820 

3.  219 

5.  37 

0.  089 

6.  83 

1343 

3817 

3.  269 

5.46 

0.  090 

6.  85 

1339 

3812 
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TABLE  V  (Continued) 


=  8.  09 

Tw/To  =  °-80 


S.  =  0.  10  in. 


R,  in. 

P0';  psia 
(jS  =2.0  in) 

p,  psia 

M 

3.  320 

5.  51 

0.  089 

6.  89 

3.  372 

5.  55 

0.  090 

6.  88 

3.  420 

5.  57 

0.  090 

6.  89 

3.  420 

5.57 

0.  091 

6.  88 

3.  470 

5.  58 

0.  090 

6.  90 

3.  521 

5.  58 

0.  088 

6.  99 

3.  570 

5.  58 

0.  090 

6.  91 

3.  570 

5.  57 

0.  090 

6.  92 

3.  621 

5.  58 

0.  090 

6.  92 

3.  672 

5.  59 

0.  090 

6.  94 

3.  772 

5.  58 

0.  090 

6.  93 

3.  874 

5.  58 

0.  087 

7.  03 

3.  994 

5.  60 

0.  089 

6.  96 

4.  099 

5.  62 

0.  088 

7.  03 

4.  196 

5.  64 

0.  089 

6.  98 

4.  299 

5.  66 

0.  088 

7.  03 

4.  399 

5.  68 

0.  089 

7.  02 

4.  501 

5.  69 

0.  088 

7.  07 

4.  600 

5.  71 

0.  089 

7.  03 

4.  785 

5.  77 

0.  089 

7.  06 

To'°R 

{£  =0.  20  in.)  ft/sec 


1337 


1337 

1336 


1336 


3811 


3811 

3815 

3811 

3812 

3812 

3813 
3812 
3817 

3814 
3817 

3815 
3817 
3817 
3819 
3817 
3819 


AEDC-T  R-66-73 


TABLE  V  (Continued) 


M_  -  8.  09 

<X3 

Tw/T0<d  =  0.  80 


£  =  2. 0  in. 


R,  in. 

P0‘,  psia 
(i  =  2.  0  in.  ) 

p,  psia 

U  =  2.0  in.) 

M 

To,DR 

(£  =  2.125  in.) 

u, 

ft  /  sec 

2.  007 

0.  088 

0.  080 

0.  36 

1130 

586 

2.  110 

0.  084 

0.  074 

0.  44 

1134 

713 

2.  207 

0.  085 

0.  074 

0.  45 

1139 

730  i 

2.  307 

0.  086 

0.  076 

0.  43 

1148 

701 

2.  410 

0.  084 

0.  075 

0.  42 

1157 

688 

2.458 

0.  085 

0.  076 

0.  42 

1161 

689 

2. 509 

0.  083 

0.  075 

0.  44 

1166 

722 

2.  559 

0.  085 

0.  077 

0.  47 

1173 

772 

2.  610 

0.  094 

0.  079 

0.  59 

1184 

962 

2.  636 

0.  108 

0.  081 

0.  69 

1189 

1114 

2.  657 

0.  123 

0.  082 

0.  82 

1196 

1305 

2.  683 

0.  153 

0.  081 

1.  01 

1212 

1571 

2.  710 

0.  199 

0.  083 

1.  22 

1223 

1836 

2.  736 

0.  282 

0.  083 

1.  49 

1240 

2140 

2.  761 

0.  375 

0.  083 

1.  77 

1253 

2408 

2.  787 

0.  526 

0.  083 

2.  13 

1272 

2696 

2.  810 

0.  68 

0.  083 

2.  45 

1283 

2899 

2.  833 

0.  88 

0.  083 

2.  79 

1293 

3075 

2.  859 

1.  10 

0.  083 

3.  16 

1307 

3234 

2.  884 

1.  36 

0.  084 

3.  50 

1324 

3361 

2.  910 

1.  66 

0.  084 

3.  87 

1336 

3468 

2.  934 

1.  99 

0.  084 

4.  25 

1349 

3562 

2.  959 

2.  38 

0.  086 

4.  58 

1366 

3640 

2.  985 

2.  80 

0.  088 

4.  94 

1379 

3707 

3.  010 

3.  26 

0.  088 

5.  33 

1387 

3764 

3.  037 

3.  77 

0.  090 

5.  66 

1394 

3805 

3.  060 

4.  19 

0.  092 

5.  91 

1396 

3829 

3.  086 

4.  63 

0.  094 

6.  14 

1394 

3845 

3.  112 

5.  05 

0.  095 

6.  40 

1389 

3856 

3.  136 

5.  63 

0.  101 

6.  37 

1384 

3847 

3.  162 

5.  64 

0.  103 

6.  51 

1375 

3843 

3.  187 

5.  86 

0.  105 

6.  56 

1364 

3831 

3.  214 

6.  01 

0.  106 

6.  60 

1357 

3824 

55 
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TABLE  V  (Continued) 


=  8.  09 

Tw/T0„  =  0.  80 

1  =  2. 0  in. 


R,  in. 

Pq',  psia 
(j2=2.0  in.) 

pf  psia 

M  1 

T0,  °R 

(i  =  2. 125  in.) 

u, 

ft/sec 

3. 236 

6.  06 

0.  108 

6.  57 

1352 

3815 

3.  264 

6.  04 

0.  108 

6.  56 

1345 

3804 

3.  287 

5.  96 

0.  107 

6.  54 

1342 

3799 

3.  313 

5.  85 

0.  104 

6.  58 

1338 

3795 

3.  339 

5.  76 

0.  102 

6.  59 

1336 

3792 

3.  363 

5.  70 

0.  096 

6.  77 

1335 

3802 

3.  387 

5.  67 

0.  096 

6.  73 

1334 

3799 

3.  411 

5.  65 

0.  095 

6.  78 

3801 

3.  437 

5.  64 

0.  093 

6.  82 

3803 

3.  483 

5.  63 

0.  091 

6.  90 

3808 

3.  580 

5.  62 

0.  092 

6.  88 

3807 

3.  681 

5.  63 

0.  090 

6.  93 

3809 

3.  764 

5.  63 

0.  089 

6.  97 

3811 

3.  866 

5.  63 

0.  090 

6.  95 

3810 

3.  967 

5.  64 

0.  090 

6.  97 

3811 

4.  168 

5.  67 

0.  089 

6.  99 

1334 

3812 

56 
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TABLE  V  (Continued) 

Mm  -  8.  09 

Tw/T0m  -  0.  80 


SL  =  3.  0  in. 


R,  in. 

P0'.  Psia 

p,  psia 

M 

H 

0 

□ 

a 

u, 

ft/sec 

2.  158 

0.  071 

0.  071 

0.  43 

1144 

701 

2.  206 

0.  076 

0.  072 

0.  48 

1144 

779 

2.  260 

0.  078 

0.  073 

0.  49 

1147 

796 

2.  308 

0.  078 

0.  072 

0.  52 

1151 

844 

2.  360 

0.  081 

0.  073 

0.  52 

1155 

845 

2.410 

0.  081 

0.  074 

0.  52 

1161 

847 

2.  460 

0.  082 

0.  073 

0.  56 

1166 

911 

2.  510 

0.  085 

0.  074 

0.  59 

1171 

959 

2.  535 

0.  091 

0.  075 

0.  65 

1175 

1051 

2.  560 

0.  099 

0.  075 

0.  73 

1179 

1170 

2.  582 

0.  108 

0.  074 

0.  81 

1185 

1287 

2.  608 

0.  121 

0.  074 

0.  92 

1193 

1443 

2.  632 

0.  145 

0.  072 

1.  09 

1199 

1666 

2.  660 

0.  179 

0.  072 

1.  24 

1210 

1852 

2.  682 

0.  216 

0.  071 

1.42 

1219 

2055 

2.  708 

0.  272 

0.  068 

1.  65 

1225 

2282 

2.  732 

0.  337 

0.  070 

1.  83 

1238 

2447 

2.  759 

0.  421 

0.  069 

2.  08 

1250 

2644 

2.  783 

0.  53 

0.  070 

2.  33 

1263 

2815 

2.  810 

0,  65 

0.  070 

2.  62 

1276 

2983 

2.  835 

0.  79 

0.  071 

2.  88 

1287 

3111 

2.  860 

0.  98 

0.  071 

3.  23 

1299 

3254 

2.  885 

1.  16 

0.  072 

3.49 

1311 

3347 

2.  908 

1.  39 

0.  073 

3.  81 

1324 

3445 

2,  935 

1.  65 

0.  074 

4.  13 

1339 

3533 

2.  958 

1.  93 

0.  073 

4.  48 

1350 

3609 

2.  985 

2.  25 

0.075 

4.  79 

1365 

3675 

1  3.012 

2.  64 

1  0.075 

5.  21 

1376 

3742 

J 
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TABLE  V  (Continued) 

=  8.  09 

Tw/T0a  =  0.  80 


l  =  3.  0  in. 


R,  in. 

p0r,  psia 

p,  psia 

M 

T0.  °R 

u, 

ft/sec 

3.  035 

3.  00 

0.  077 

5.  45 

1385 

3780 

3.  061 

3.41 

0.  080 

5.  73 

1392 

3817 

3.  084 

3.  78 

0.  082 

5.  96 

1396 

3841 

3.  112 

4.  18 

0.  084 

6.  20 

1393 

3855 

3.  135 

4.  53 

0.  088 

6.  31 

1389 

3857 

3.  162 

4.  90 

0.  090 

6.  48 

1385 

3862 

3.  182 

5.  19 

0.  097 

6.  41 

1379 

3850 

3.  212 

5.  48 

0.  097 

6.58 

1367 

3843 

3.  233 

5.  71 

0.  103 

6.  54 

1362 

3835 

3.  262 

5.  92 

0.  103 

6.  66 

1351 

3826 

3.  288 

6.  07 

0.  105 

6.  67 

1347 

3820 

3.  310 

6.  20 

0.  106 

6.  70 

1342 

3815 

3.  338 

6.  29 

0.  107 

6.  73 

1339 

3813 

3.  360 

6.  34 

0.  106 

6.  79 

1337 

3813 

3.  386 

6.  34 

0.  108 

6.  74 

1336 

3809 

3,  410 

6.  29 

0.  108 

6.  70 

1335 

3805 

3.  438 

6.  20 

0,  107 

6.  68 

1334 

3803 

3.  460 

6.  09 

0.  104 

6.  70 

1333 

3802 

3.  488 

5.  94 

0.  104 

6.  64 

1333 

3800 

3.  512 

5.  85 

0.  101 

6.  68 

1333 

3802 

3.  537 

5.  78 

0.  099 

6.  71 

1333 

3803 

3.  562 

5.  73 

0.  097 

6.  76 

1333 

3806 

3.  585 

5,  70 

0.  093 

6,  88 

1333 

3838 

3.  613 

5.  68 

0.  093 

6.  85 

1333 

3811 

3.  662 

5.  67 

0.  093 

6.  86 

1333 

3811 

3.  716 

5.  66 

0.  091 

6.  92 

1333 

3814 

3.  817 

5.  66 

0.  088 

7.  06 

1333 

3821 

3.  917 

5.  66 

0.  090 

6.  98 

1333 

3817 
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TABLE  V  (Continued) 


=  8.  09 

Tw/Tq  =  0.  80 

<K> 


H  =  4.  0  in. 


R,  in. 

Po'.  Psia 

P,  psia 

M 

H 

o 

O 

u, 

ft /sec 

2.  308 

0.  067 

0.  064 

0.41 

1150 

670 

2.  360 

0.  070 

0.  065 

0.  48 

1155 

781 

2.  416 

0.  078 

0.  065 

0.  59 

1160 

952 

2.  459 

0.  086 

0.  066 

0.  68 

1165 

1088 

2.  513 

0.  104 

0.  066 

0.  87 

1173 

1361 

2.  557 

0.  127 

0.  065 

1.  05 

1186 

1604 

2.  582 

0.  147 

0.  065 

1.  17 

1191 

1753 

2.  609 

0.  173 

0.  064 

1.  32 

1198 

1928 

2.  636 

0.  205 

0.  065 

1.45 

1204 

2069 

2.  659 

0.  241 

0.  064 

1.  61 

1216 

2233 

2.  682 

0.  287 

0.  063 

1.  78 

1221 

2385 

2.  710 

0.  348 

0.  063 

1.  98 

1230 

2547 

2.  736 

0.  415 

0.  063 

2.  18 

1240 

2693 

2.  761 

0.  490 

0.  062 

2.  39 

1250 

2829 

2.  786 

0.  57 

0.  063 

2.  61 

1263 

2957 

2.  810 

0.  68 

0.  063 

2.  86 

1268 

3074 

2.  836 

0.  81 

0.  063 

3.  11 

1278 

3180 

2.  859 

0.  93 

0.  060 

3.41 

1290 

3291 

2.  885 

1.  09 

0.  063 

3.  61 

1301 

3360 

2.  910 

1.  26 

0.  061 

3.  96 

1312 

3456 

2.  935 

1.  44 

0.  063 

4.  16 

1323 

3511 

2.960 

1.  68 

0.  064 

4.  48 

1335 

3582 

2.  985 

1.  90 

0.  064 

4.  78 

1348 

3644 

3.  009 

2.  16 

0.  064 

5.  07 

1360 

3697 

3.  035 

2.  43 

0.  066 

5.  29 

1373 

3739 

3.  059 

2.  72 

0.  067 

5.  59 

1380 

3779 

3.  086 

3.  05 

0.  069 

5.  83 

1389 

3812 

3.  110 

3.  38 

0.  072 

6.  02 

1390 

3829 
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TABLE  V  (Continued) 

=  8.  09 

Tw/T0w  =  0.80 


1=4.0  in. 


R,  in. 

pQ\  psia 

p,  psia 

M 

tq.  °r 

u, 

ft/sec 

3.  134 

3.71 

0.  075 

6.  19 

1390 

3841 

3.  160 

4.  09 

0.  074 

6.  50 

1388 

3860 

3.  186 

4.  43 

0.  079 

6.  56 

1382 

3856 

3.  212 

4.  76 

0.  082 

6.  68 

1375 

3853 

3.  237 

5.  08 

0.  085 

6.  77 

1369 

3850 

3.  262 

5.  30 

0.  094 

6.  58 

1363 

3830 

3.  288 

5.  54 

0.  097 

6.  65 

1354 

3822 

3.313 

5.  76 

0.  099 

6,  69 

1350 

3819 

3.  337 

5.  93 

0.  099 

6.  78 

1345 

3815 

3.  362 

6.  07 

0.  103 

6.  74 

1340 

3807 

3.  388 

6.  18 

0.  104 

6.  76 

1339 

3807 

3.  414 

6.  27 

0.  105 

6.  78 

1337 

3805 

3.  438 

6.  34 

0.  104 

6.  86 

1336 

3807 

3.  462 

6.  40 

0.  107 

6.  80 

1336 

3805 

3.  489 

6.  45 

0.  108 

6.  78 

1335 

3802 

3.  513 

6.  47 

0.  107 

6.  82 

3804 

3.  539 

6.  47 

0.  109 

6.  76 

3801 

3.  562 

6.  42 

0.  108 

6.  78 

3802 

3.  588 

6.  33 

0.  109 

6.  70 

3798 

3.  614 

6.  17 

0.  107 

6.  68 

3797 

3.  638 

6.  06 

0.  104 

6.  69 

3798 

3.  665 

5.  93 

0.  099 

6.  79 

3802 

3.  688 

5.  84 

0.  098 

6.  79 

3802 

3.  715 

5.  77 

0.  094 

6.  88 

3807 

3.  740 

5.  73 

0.  095 

6.  88 

3807 

3.  789 

5.  69 

0.  094 

6.  89 

3808 

3.  840 

5.  67 

0.  092 

6.  92 

3809 

3.  890 

5.  67 

0.  091 

6.  93, 

3810 

3.  991 

5.  69 

0.  090 

6.  94 

3811 

4.  093 

5.  70 

0.  088 

6.  98 

1335 

3812 
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TABLE  V  (Continued) 

=  8.  09 

CD 

Tw/T0o>  =  0.  80 


£  =  4. 75  in. 


R,  in. 

P0\  psia 

p,  psia 

M 

Ph 

0 

O 

u, 

ft/  sec 

1  2.  305 

0.  064 

0.  063 

0.  38 

1165 

627 

2.358 

0.  073 

0.  064 

0.  56 

1172 

911 

j  2.409 

0.  083 

0.  064 

0.  70 

1178 

1124 

2.460 

0.  097 

0.  065 

0.  84 

1185 

1327 

2.  509 

0.  123 

0.  065 

1. 03 

1194 

1584 

2.  556 

0.  159 

0.  065 

1.  23 

1203 

1832 

2.  580 

0.  184 

0.  063 

1.  38 

1209 

2001 

2.  609 

0.  213 

0.  062 

1.  53 

1217 

2159 

2.  630 

0.  250 

0.  063 

1.  64 

1224 

2267 

2.  655 

0.  296 

0.  065 

1.  78 

1230 

2394 

2.  685 

0.  349 

0.  064 

1.  96 

1239 

2543 

2.  708 

0.  400 

0.  063 

2.  14 

1246 

2675 

2.  734 

0.  467 

0.  062 

2.  32 

1253 

2793 

2.  760 

0.  545 

0.  063 

2.  51 

1263 

2908 

2.  785 

0.  63 

0.  062 

2.  73 

1272 

3024 

2.  810 

0.  73 

0.  062 

2.  95 

1279 

3123 

2.  835 

0.  83 

0.  061 

3.  19 

1289 

3222 

2.  861 

0.  96 

0.  062 

3.  42 

1299 

3306 

2.  885 

1.  09 

0.  061 

3.  67 

1309 

3386 

2.  910 

1.  24 

0.  061 

3.  91 

1319 

3455 

2.  935 

1.41 

0.  061 

4.  18 

1329 

3523 

2.  962 

1.  60 

0.  060 

4.  51 

1341 

j  3595 

2.  985 

1.  82 

0.  062 

4.  75 

1351 

3644 

3.  010 

j  2.  04 

0.  062 

5.  03 

1359 

|  3692 

3.  037 

2.  28 

0.  063 

5.  28 

1369 

3734  | 

3.  062 

,  2.  56 

0.  063 

5.  59 

1374 

3771  ; 

3.  085 

|  2.  80 

0.  062 

5.  90 

1380 

3807 

3.  112 

j  3.  12 

0.  065 

6.  06 

1381 

3820 
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.TABLE  V  (Concluded) 

Mro  =  8.  09 
TjTOm-0.80 


i  =  4.  75  in. 


R,  in. 

P0 Psia 

p,  psia 

M 

o 

b 

H 

u, 

ft/ sec 

3.  137 

3.  36 

0.  067 

6.  21 

1382 

3834 

3.  162 

3.  64 

0.  069 

6.  39 

1382 

3846 

3.  183 

3.  92 

0.  071 

6.  51 

1381 

3851 

3.  212 

4.  20 

0.  074 

6.  61 

1377 

3853 

3.  240 

4.  52 

0.  077 

6.  73 

1372 

3852 

3.  262 

4.  76 

0.  080 

6.  77 

1369 

3850 

3.  288 

5.  00 

0.  080 

6.  94 

1364 

3852 

3.  315 

5.  24 

0.  087 

6.  79 

1359 

3837 

3.  337 

5.  43 

0.  088 

6.  91 

1353 

3835 

3.  362 

5.  63 

0.  092 

6.  86 

1348 

3825 

3.  388 

5.  80 

0.  095 

6.  86 

1344 

3820 

3.414 

5.  96 

0.  096 

6.  93 

1342 

3821 

3.  438 

6.  08 

0.  099 

6.  88 

1340 

3815 

3.  462 

6.  19 

0.  101 

6.  87 

1339 

3813 

3.  488 

6.  28 

0.  102 

6.  88 

1338 

3812 

3.  515 

6.  34 

0.  105 

6.  83 

1337 

3808 

3.  540 

6.  40 

0.  105 

6.  86 

1336 

3808 

3.  562 

6.  43 

0.  107 

6.  82 

1336 

3806 

3.  590 

6.  45 

0.  107 

6.  82 

1336 

3806 

3.  615 

6.47 

0.  107 

6.  84 

1335 

3806 

3.  640 

6.  48 

0.  108 

6.  81 

1335 

3804 

3.  663 

6.  48 

0.  108 

6.  79 

1336 

3805 

3.  690 

6.  43 

0.  108 

6.  76 

1336 

3803 

3.  715 

6.  33 

0.  105 

6.  81 

1336 

3806 

3.  740 

6.  20 

0.  106 

6.  71 

1335 

3799 

3.  768 

6.  05 

0.  105 

6.  66 

1335 

3796 

3.  795 

5.95 

0.  090 

7.  14 

1335 

3821 

3.  819 

5.  86 

0.  099 

6.  74 

1335 

3800 

3.  843 

5.  80 

0.  098 

6.  76 

1335 

3806 

3.  868 

5.  76 

0.  101 

6.  64 

1335 

3796 

3.  892 

5.  73 

0.  093 

6.  91 

1335 

3810 
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APPENDIX  I 

RELATIONSHIP  BETWEEN  VELOCITY  AND  TOTAL  TEMPERATURE  PROFILES: 

CROCCO’S  RELATION 


In  Ref.  8,  p.  1045,  it  is  pointed  out  that  for  the  case  of  constant 
wall  temperature,  Prandtl  number  of  one,  and  zero  pressure  gradient, 
the  momentum  equation  (Eq.  (26.5a)  of  Ref.  8)  and  the  energy  equation 
(Eq.  {26.9}  of  Ref.  8)  take  on  the  same  form  if 

T0  =  au  +  b 

where  Tc  is  the  local  stagnation  temperature  and  u  is  the  velocity. 

Since  the  differential  equations  are  the  same,  then  either  a  solution  of 
the  momentum  equation  or  an  experiment  yielding  the  velocity  distribu¬ 
tion  automatically  gives  the  distribution  of  T0  according  to  the  relation 

T0  ~  au  +  b 

The  constants  a  and  b  may  be  obtained  from  the  boundary  conditions 
that  T0  =  T*  when  u  =  0,  and  T0  =  T0^  when  u  =  u^;  thus, 

(Eq.  (26.11),  Ref.  8) 

All  of  the  above  assume  a  Prandtl  number  of  one,  which  is  close  for 
air  with  its  Prandtl  number  -0.7. 


The  variation  of  T0  with  distance  through  the  boundary  layer  for 
air  with  its  Prandtl  number  less  than  one  is  illustrated  in  Ref.  8  on 
p.  1035,  and  a  representative  experiment  for  the  insulated  wall  case 
is  shown  in  Fig.  27.  lib  on  p.  1115.  The  rise  of  T0  above  both  the  wall 
temperature  and  the  free- stream  stagnation  temperature  is  required 
for  conservation  of  energy  in  the  boundary- layer  flow. 

Since  it  is  the  form  of  the  differential  equations  for  momentum  and 
energy  which  yields  the  Crocco  relation  -  T°  Tw  =  — ,  and  the  boundary 

T°c«  *"  Tw  Uo° 

conditions  determine  the  constants  a  and  b,  any  solution  of  these  dif¬ 
ferential  equations  for  the  velocity  profile,  such  as  the  solution  for  the 
profile  in  a  mixing  layer,  will  give  a  corresponding  total  temperature 
distribution.  In  a  mixing  layer  between  a  stream  at  velocity  and 
total  temperature  Tok  and  a  still  air  region  at  u  =  0,  T0  =  TO[1  =  0  ,  the 
result  follows  that 


This  relation  is  Crocco’s  relation  for  a  mixing  layer  as  described 
above,  and  it  is  one  of  the  assumptions  made  by  Korst  and  Chow 
(Ref.  5)  in  their  theoretical  development. 
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APPENDIX  II 

UNIVERSAL  VELOCITY  PROFILE 


The  turbulent  shearing  stress  for  a  two-dimensional  parallel 
flow  is  (Ref.  12,  Eq.  (19.4)) 


r  =  -  p  u '  v ' 


(II- 1) 


This  expression  contains  the  turbulent  velocity  fluctuation  terms  u' 
and  v'.  These  quantities  may  be  related  to  the  mean  velocity,  u, 
through  Prandtl's  mixing  length  concept  (Ref,  12,  p.  477)  leading  to  the 
expression  of  turbulent  shearing  stress  as 

r  =  I  \  (Eq.  (19.6),  Ref.  12) 

1  oy  *  ay 

or,  for  _£jL  >  o  ,  as 

dy 


(II- 2 ) 


If  a  generally  valid  assumption  may  be  made  about  the  variation  of 
turbulent  shearing  stress  with  y  through  a  boundary  layer  and  an 
equally  generally  true  assumption  made  about  the  variation  with  y  of 
the  mixing  length  H  with  distance  in  the  boundary  layer,  then 
Eq.  (II- 2 )  becomes  an  ordinary  differential  equation  for  the  variation 
of  u  with  y,  giving  as  its  solution  the  velocity  profile.  Prandtl  assumed 
that: 

1.  The  mixing  length,  f,  varies  linearly  with  y,  giving 

l  =  Ky  (Ref.  12,  Eq.  (19.26)  ) 

2.  The  turbulent  shearing  stress  is  constant  across  the  boundary 
layer  and  equal  to  the  value  at  the  wall 


Introducing  the  "friction  velocity"  ur  (u*o  of  Ref.  12) 


integration  of  Eq.  (II—  2)  gives  Eq,  (19.27)  of  Ref.  12, 

u  =  In  y  +  C  (II- 3) 
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where  C  is  to  be  resolved  from  a  match  with  the  laminar  sublayer. 
Experiment  has  yielded  the  constants  K  and  C  giving,  for  a  smooth 
wall, 

=  5.5  +  5.75  log  (y  (Ref.  12,  Eq.  (20.14)) 

where  v  is  to  be  evaluated  at  the  wall  temperature  for  the  compressible 
flow  case  (Ref.  12,  p.  546). 


The  assumption  that  the  velocity  is  linear  with  y  in  the  laminar  sub¬ 
layer  gives 


U  Ur 


in  this  region,  since 


(II-4) 


1  „  (ur)2  =  rw  Pw  =  Mw(^-)w  _  / 

^  pw  Pvt  flw  (  d  y  J 

Reference  12,  Fig.  21.8,  p.  546,  shows  the  application  of  these  con 
cepts  to  another  case  in  hypersonic  boundary-layer  flow. 
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APPENDIX  III 

ERROR  FUNCTION  PROFILE 


Prandtl  assumed  that  for  a  free  turbulent  shear  layer,  away  from 
the  restraining  influence  of  a  wall,  (Fig.  11a)  the  virtual  Kinematic 
viscosity,  e,  was  constant  across  the  shear  layer  and  equal  to  the 
velocity  difference  across  the  layer  times  a  length  proportional  to  the 
width  b  of  the  layer  (Ref.  12,  p.  481).  The  resulting  expression  for 
shear  stress  is 

t  =  pK,b(umax  -  Umin)  yy  ( Eq.  ( 23.5  )  of  Ref.  12  ) 

If  it  is  further  assumed  that  the  shear,  or  mixing  layer,  grows  in 
width  b  linearly  with  distance  x  ,  then  Eq.  (23.  1),  Ref.  12,  becomes 

u41+  v  f-fj-  (Eq.  (23.25),  Ref.  12  )  (III-  1 ) 

ox  ay  d y 

with 

f  =  K,  ex  (ul-uJ)  (Eq.  (23.26 )  Ref.  12 ) 

Equation  (III- 1 )  is  a  partial  differential  equation  relating  the  velocities 
u  and  v  to  the  space  variables  y  and  x.  If  the  velocity  profiles  are 
assumed  to  be  similar  to  each  other  and  to  vary  linearly  in  width  with 
increasing  distance,  then  they  may  be  reduced  to  one  representative 
profile  by  dividing  the  y  coordinate  by  the  x  coordinate.  Thus  the 
assumption  of  linear  similarity  allows  all  profiles  in  y  and  x  to  be  re¬ 
duced  to  one  profile  in  the  single  variable,  y/x.  A  scale  factor,  o,  is 
applied  to  account  for  the  actual  rate  of  growth  in  width  of  the  mixing 
layer  and  is  inversely  related  to  the  turbulent  eddy  kinematic  viscosity, 
(,  through  the  relation 


or 


<7 


- ,  *  Umin.  —  0 

2  y  K,  C 


umin  ~  0 


The  greater  the  turbulent  eddy  kinematic  viscosity,  the  less  the 
value  of  <j  and  the  greater  is  the  spreading  rate  of  the  velocity  profiles. 

If  the  continuity  equation  is  accounted  for  by  the  introduction  of  a 
stream  function,  iff,  which  contains  both  «  and  v  velocities,  then  the  partial 
differential  equation,  Eq.  (1),  is  reduced  to  an  ordinary  differential  equa¬ 
tion  in  the  velocity  variable,  and  the  space  variable,  o  y/x,  becoming, 
after  other  definitions,  (Ref.  12,  p.  598), 

F"'  +  2  a2  F  F  "  =  0  (Eq.  (23.27),  Ref.  12)  (III- 2) 
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This  equation  was  solved  by  Goertler,  and  the  sum  of  the  first  two 
terms  of  the  solution  F0  and  F,  gives  the  error  function  profile  for 
free  mixing  layers, 

if'  t['  +  "'(«£)]  <m-3> 

where  Uj  and  Us  of  Ref.  12  are  taken  to  be  U5  and  0,  respectively,  to 
correspond  to  the  present  work. 

The  coefficient  a  relates  the  mathematical  assumptions  of  similarity 
of  the  velocity  profiles  and  linear  growth  rate  of  the  width  of  the  mixing 
layer  to  the  actual  growth  rate  of  an  experimental  mixing  layer.  This 
coefficient  is  not  known  a  priori  but  must  be  determined  by  experiment. 
Also,  the  above  theoretical  development  describes  the  mixing  between 
two  uniform  streams.  Thus  the  origin  of  the  mixing  layer  occurs  at  the 
point  where  a  uniform  stream  at  ug  has  just  contacted  still  fluid  at 
u  -  0.  This  corresponds  to  separation  of  the  flow  from  a  body  with  zero 
boundary- layer  thickness  (Fig.  11a).  The  assumption  is  made,  for  the 
case  where  a  boundary  layer  is  present  initially,  that  the  velocity  pro¬ 
files  of  the  mixing  layer  assume  the  error  function  form  within  a  few 
boundary-layer  thicknesses  of  the  separation  point.  A  fictitious  point  of 
origin  (Fig.  lib)  for  the  linearly  related  mixing  layer  profiles  may  then 
be  found  by  extrapolating  upstream  to  the  point  of  zero  mixing  layer 
thickness.  This  point  must  be  located  experimentally,  together  with  the 
coefficient  a. 
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